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Die Erfmdung betrifft ein Verfahren zum Detektieren von Moleklilen oder MolekUlkomplexen, wobei eine Mefiprobe mit einer Uldra- 
MikroelektrodenanoTdmmg (1, \\ 2, 3, 4, 5) in Kontakt gebracht wild, weiche mindcstcns zwei Eiektrodcnstmtorcn (1. 1 ) aufwwst, die 
derartie zueinander angeordnel sind, daB die Abstande zwischen den verschiedenen Stmkturcn im Ultra-Mikrobercich hegen, durchAnlegen 
eines dektrisehen Potentials ein elektrisches Wechselfeld erzeugt wird und die Strom, oder Potentialverandenmgen gemessen weiden, die 
durch in der McBprobe vorhandene oder entstehende Spezies veTursacht werdcn. 
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Detektion von Molekulen und Molektilkomplexen 

Die Erfindung betrifft ein Verfahren zum Detektieren von 
molekularen Spezies sowie einen elektrischen Sensor hierfur. 
Solche elektrischen Sensoren, auch Ultra-Mikroelektrodenarrays 
genannt, sind fur die chemische Analytik und ProzeSkontrolle auf 
verschiedenen Gebieten wie Gesundheitswesen, Biotechnologie , 
Umweltschutz und chemischer Industrie einsetzbar. Sie stellen 
ein vergleichsweise einf aches MeSsystem dar, das die Bindung 
Oder Anlagerung von Molekulen im elektrodennahen Raum meSbar 
erfaSt. 

Bisher bekannt sind optische Sensoren, die unter anderem nach 
dem Prinzip der Evanescent -Wave [vgl . Feldman, et al. # Biosens . 
Sc Bioelectron., 10 (1995) 423] oder der Lichtref lexion [vgl. 
Domenici et al . , Biosen. & Bioelectron, , 10 (1995) 371 oder 
Brecht, Gauglitz, Biosen. & Bioelectron. , 10 (1995) , 923] oder 
der Surface Plasmon Resonanz [vgl. Hauseling et al., Langmuir, 7 
(1991) 1837 oder U.Jonsson et al.., BioTechniques 11 (1991) , 620] 
Bindungsef f ekte oder die Anlagerung von Molekulen in dunnen 
Schichten nachzuweisen gestatten. 

Fur die direkte elektrische Auslesung solcher Bindungsereignisse 
wurden bereits ein potentiometrisches Mefiverfahren [vgl. 
Bergfeld, Biosen. & Bioelectron., 6 (1991), 55], ein kapazitives 
MeSverfahren [vgl. Swietlow, Electroanalysis, 4 (1992), 921] und 
ein impedimetrisches Mefcverfahren [vgl. Knichel et al. 
Sens.&Act. B 28, (1995), 85] beschrieben. Auch 
Elektrodenanordnungen nach dem ElS-Prinzip (EIS: Elektrolyt- 
Insulator- Semiconductor) wurden vorgeschlagen [vgl. Schyberg et 
al. Sens.&Act. B 26-27 (1995) 457 oder Souteyrand et al . 
Sens.&Act. B 20, (1994) 63], wobei der Isolator als Kopplungs- 
und Ubertragungselement wirkt . 

Bei diesen elektrochemischen Me&anordnungen dienen raumlich weit 
voneinander entfernte Elektroden zur Erfassung von Molekulen in 
der elektrodennahen dunnen Grenzschicht , die aber durch eine 
vergleichsweise gro£e Menge an Elektrolyten und anderen 
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Substanzen zwischen den Elektroden in vielfacher Weise negativ 
beeinfluSt werden. 

Es wurden auch Anwendungen bekannt, bei denen dunne 
5 Molekiilschichten als Gate zwischen Drain und Source von 

Transistoren abgeschieden wurden und Inf ormationen uber die 
organische Schi-cht lief em [vgl. Kruse et al. Sens.&Act. B 6 
(1992), 101 oder Uhe et al. Electroanalysis , 6(7) (1994), 543]. 

10 Allen diesen beschriebenen elektrischen Verf ahren mit Elektroden 
ist gemeinsam, daS sie keine Anordnungen aufweisen, die 
molekularen Dimensionen nahekommen ; in alien diesen Anwendungen 
sind die sensortypischen Abmessungen, z.B. zwischen MeS-^. . y 
Referenz- und Arbeitselektroden, um GroEenordnungen von den 

15 molekularen Dimensionen entfernt. 

Der Erfindung liegt die Aufgabe zugrunde, ein Verfahren mit 
Hilfe eines elektrischen Sensors vorzuschlagen, das die 
Detektion von Molekulen und Molekulkomplexen mit hoherer 
20 Nachweisempf indlichkeit bei vergleichsweise geringerem 
Systemaufwand ermoglicht. 

Die erf indungsgemafie Losung dieser Aufgabe ist in Anspruch 1 
umschrieben. Die weiteren Anspruche zeigen bevorzugte 
25 Ausgestaltungen auf . 

Erf indungsgemaS wird das Verfahren zur Detektion von Molekulen 
und Molekulkomplexen mit einer Anordnung durchgef uhrt , die 
Ultramikroelektrodenarrays aufweist, deren Elektrodenstrukturen 

30 so eng beieinander angeordnet werden, daS sie der GroEe groSer 
Molekulkomplexe, z. B. von Immunoproteinen oder DNS -Molekulen , 
nahekommen. Benutzt wird insbesondere der Effekt, daS sich 
zwischen nahe . benachbarten Elektroden elektrische Wechself elder 
erzeugen lassen und der resultierende Strom hauptsachlich von 

35 den detektierten Molekulen und Molekulkomplexen im 

elektrodennahen Raum beeinfluSt wird. Die Form und Feinstruktur 
der Elektroden ist dabei relativ frei wahlbar, wahrend die 
minimale Entfernung der Elektroden selbst typischerweise 3 ^m, 
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bevorzugt l /im unterschreiten sollte. 

Die Beeinf lussung kann durch Diffusion, durch Anlagerung oder 
Bindung der zu messenden Spezies erfolgen. Durch diese Art der 
Felderzeugung und Messung mit Hilfe insbesondere der 
Impedanzspektroskopie erreicht man erf indungsgemaS, daS 
Elektrolyt-Molekule sowie andere Substanzen in einer Me&probe 
das zwischen den Elektroden anliegende elektrische Feld nur 
geringfugig beeinf lussen und somit die Messung nicht storen. 



Eine mehrfache Anordnung dieser Art f einstrukturierter Ultra- 
Mikroelektrodenarrays fuhrt in vorteilhaf ter Weise zur 
Verstarkung des eben beschriebenen Effekts, in dem jnit 
geeigneter MeStechnik, (z. B. ImpedanzmeSbrucken) seguentiell 

is oder parallel gleichartige Messungen realisiert werden. Die 
Ultramikroelektrodenarrays koiuien aus dunnen Schichten von 
Edelmetallen wie Gold, Platin oder Iridium oder auch 
Kohlenstoffmaterialien bestehen oder diese Materialien enthalten 
(Anspruch 16) . Sie werden besonders vorteilhaf t auf planare 

20 isolierende Tragermaterialien wie Siliziumverbindungen, Glas, 
Keramik oder organische Polymere auf gebracht , konnen aber auch 
zur Planar isierung und mechanischen Stutzung in diese 
Materialien eingegraben oder eingelegt sein (Anspruch 17) . Die 
optimale Annaherung zweier voneinander isolierter 

25 Ultramikroelektroden laSt sich, wie in Fig. 1 dargestellt, z.B. 
durch Bander oder parallele Streifen oder maanderf ormige und 
runde oder schneckenartige Strukturen wie auch durch 
fingerartige Interdigitalanordnungen in Abstanden von bevorzugt 
<1 /im erreichen. In Fig. 1 sind dazu Anordnungsbeispiele a. bis d 

30 ausgefuhrt (siehe unten) . Die Elektroden sind vorzugsweise zum 
MeSraum hin nicht abgedeckt . 



Als eine besondere Ausgestaltung der Anordnung der 
Ultramikroelektrodenarrays kann vorgesehen sein, daS man ein 
35 Elektrodenarray mit einem zweiten oder mehreren uberlagert und 
die Kreuzungspunkte durch Isolationsschichten voneinander 
isoliert (Anspruch 19) . Auf diese Weise konnen Elektroden in 
Abstanden von nur noch wenigen nm voneinander angeordnet werden, 
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wobei die Isolationsschicht die minimale Entfernung definiert 
(Fig. le) . Allen Anordnungen der Ultra-Mikroelektrodenarrays 
gemeinsam ist, daS sie gut voneinander isoliert sein mussen, 
damit zwei, drei oder noch mehr Ultramikroelektrodenarrays durch 

5 isolierte Zuleitung auf dem Chip elektrisch unabhangig einzeln 
oder in Gruppen mit Gleich- und/oder Wechselstrom beaufschlagt 
werden konnen (Anspruch 20) . Die fur die Isolierung eingesetzten 
Werkstoffe (z .B . Kunststof f e oder anorganische Verbindungen wie 
Siliciumoxide, -nitride und keramische Materialien) mussen uber 

io den Nutzungszeitraum inert gegenuber den in der Probe 

verwendeten Verdiinnungs- oder Losungsmitteln (haufig Wasser) 
sein. Unter "Losungsmittel" sind Reaktionsf lussigkeiten zu 
verstehen,<* in denen eine Molekulbindung, eine -anlagerurK^ .oder 
eine -diffusion moglich ist. Die MeSprobe muS jedoch nicht 

15 zwingend flussig sein, auch andere Zustande sind moglich. So 
konnen die zu messenden Vorgange auch in einem Gel ablaufen.. 

Zwischen den Ultramikroelektroden kann das zur Detektion 
benutzte elektrische Feld durch Wechselstrom mit Freguenzen 
20 zwischen 1 mHz und 10 MHz und Amplituden zwischen ca. 10 mV und 
50 mV erzeugt werden. Dabei werden Potentiale zwischen 0 V und 
+/-5 V gewahlt. 

Das vorliegende Verfahren ermoglicht die Erfassung auch 
25 komplexer Reaktionsablauf e und bietet daher erweiterte 

Einsatzmoglichkeiten- Das Eindringen von -Molekiilen in den 
elektrodennahen Bereich mit dem aufgebauten Feld (z.B. durch 
Diffusion) oder die Anordnung von Molekiilen in diesem Bereich, 
die z.B. durch sog. "self assembling" oder auch durch 
30 Komplexbildung geschehen kann, verandern sowohl die realen als 
auch die imaginaren Grofien der komplexen Impedanz und konnen 
zeitunabhangig - z.B. nach AbschluS der Ereignisse bei Bedarf 
ebenso wie der Phasenwinkel aber auch zeitabhangig, d.. h. void 
Fortgang des Bindungsereignisses oder der Diffusion abhangig, 
35 gemessen werden. (Anspruche 3 und 4) . Fur ein komplettes 

Impedanzspektrum wird der gesamte Frequenzbereich vermessen und 
ausgewertet. Besonders vorteilhaft ist die erf indungsgemafie 
Nutzung nur einzelner ausgewahlter Freguenzen oder 
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Frequenzbereiche, die maximal beeinfluSt werden. Dadurch gelingt 
es, miniaturisierte Nachweissysteme zu konstruieren. 

Bei der Nutzung der Ultramikroelektrodenarrays in Flussigkeiten 
oder dergleichen ist es auch moglich, zusatzlich zum Mefrvorgang 
- oder aber in Me&pausen - Gleichstromanteile zu uberlagern oder 
zu applizieren (Anspruch 6). Diese konnen z.B. elektrochemische 
Reaktionen wie Oxidationen oder Reduktionen von elektrisch 
aktiven Molekulen induzieren, wobei solche Vorgarige simultan 
oder sequent iell mit den Impendanzmessungen gemessen werden 
{Anspruch 7) . Erf indungsgemaS ist dadurch eine Kombination 
elektrischer und elektrochemischer Messungen mit derselben 
Sensor-Anprdnung iUltramikroelektrodenarray) moglich . 

Erf indungsgemaS kann das Verfahren zur Detektion von Molekulen 
und Molekulkomplexen ausgefuhrt werden, indem man die Molekule, 
die man messen will, auf den Mikroelektrodenf lachen selbst 
bindet. Diese Bindung kann eine physikalische (Adsorption) oder 
eine chemische sein. Fur letztere eignen sich besonders gut die 
bekannten Verfahren der Selbstanordnung (englisch "self 
assembling" genannt) , die es gestatten, z. B. monomolekulare 
Thiolverbindungen auf Goldelektroden zu binden und zu messen. 
Dieses Verfahren ist universell fur eine groSe Zahl von 
Molekulen anwendbar, nicht nur fur solche, die eine Thiolgruppe 
besitzen oder damit versehen werden konnen. 

Ein zweites selektives Verfahren zur Anheftung von Molekulen 
oder Molekulkomplexen an die leitenden Mikroelektroden- 
Oberflachen ist die bekannte Methode der Elektropolymerisation 
(Anspruch 9) . Dabei kann jede Elektrode individuell, in Gruppen 
oder parallel auf ihrer Oberflache mit Elektropolymeren, z. B. 
aus den monomeren Molekulen Streptavidin, Pyrrol, Anil in, 
Vinylf errocen oder anderen elektrisch polymerisierbaren 
Substanzen, modifiziert werden. Die Bindung solcher Verbindungen 
in monomolekularen oder multimolekularen Schichten auf den 
Elektroden verandert das Impedanzspektrum oder einzelne 
Frequenzen in sehr charakteristischer Weise und laSt sich damit 
zeitabhangig oder nach AbschluS der Reaktion messen. 
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Weiterhin laSt sich das Impedanzspektrum auch dadurch mefebar 
verandern, dafi man die Molekule anstatt auf den Elektroden in 
den Elektrodenzwischenraumen positioniert (Anspruch 10). Diese 
Posit ionierung kann zum Beispiel durch chemische Bindungen (so 
z.B. an Siliciumdioxid) oder durch Adhasion oder durch 
Reaktionen wie Kondensationsreaktionen, z.B. Silanisierungen, 
erfolgen. Zur Beschichtung der Gesamtf lachen des 
Elektrodenarrays, also der Elektroden selbst wie auch der 
Elektrodenzwischenraume, kann man das bekannte Langmuir-B lodge t 
Verfahren heranziehen {Tachibana Matsumoto, Advanced Materials 
Ab. 11 (1993), 5/796-803), mit dem z. B. Lipide oder " 
Phthalocyasiine durch Auf Ziehen von monomolekularen Filmed. in 
Schichten angeordnet werden konnen. 

Einer weiteren Variant e des erf indungsgemaSen Verfahrens zur 
Detektion von Molekiilen und Komplexen gemaS kann die 
Konzentration von Molekulen in der elektrodennahen Schicht durch 
Diffusion verandert und die Anderung gemessen werden. Dies laSt 
sich sowohl mit Hilfe chemisch/physikalisch bedingter 
Konzentrationsanderungen als auch durch das Anlegen eines 
elektrischen Potentials, das einen Dif f usionsgradienten erzeugt, 
erreichen. Weiterhin ist es moglich, die Produktion spezifischer 
Molekule, beispielswei'se durch Enzyme, in Elektrodennahe zu 
bewirken und zu messen. 

Erf indungsgemaE umfa£t das Verfahren zur Detektion von Molekulen 
und Molekulkomplexen in einer bevorzugten Ausgestaltung die 
Mafcnahme, daS die zuvor auf den Elektrodenarrays erzeugten 
Molekiil- Schichten mit chemischen Haftgruppen versehen sind oder 
werden, die durch eine chemische Reaktion oder eine 
Komplexbildung weitere Molekule binden konnen (Anspruch 11) . Es 
gelingt dabei, mit hoher Empf indlichkeit derartige 
Bindungsereignisse zu verfolgen. VJenn beispielsweise ein 
niedermolekularer Komplexbildner wie Biotin uber eine 
Thiolfunktion an die Elektrode gebunden wird, kann dieser 
ausschlieSend mit einem hohermolekularen Komplexbildungspartner , 
z.B. Streptavidin, an welches beliebige weitere Molekule 
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gebunden sein konnen, komplexiert werden. 

Eine besonders wichtige und sehr breit einsetzbare Anwendung des 
vorliegenden Verfahrens ist die Immunodetektion (Anspruch 12) . 
Dabei wird der Auf bau von Molekulschichten auf dem 
Ultramikroelektrodenarray nach dem Sandwich-Prinzip einer 
Antikorper /Antigen- Immunoreakt ion vorgenommen. Zum Nachweis von 
Antikorpern in der Mefiprobe kann man dafur beispielsweise 
Haptene (niedermolekulare Antigene) oder andere Antigene (haufig 
Proteine) an die Mikroelektrodenarrays binden. Durch die 
spezifische Komplexbildung zwischen den fest verankerten 
Antigenen und. den in der MeSprobe bef indlichen Antikorpern 
gelingt auf diese Weise ein spezifischer Antikorpernachv^eis. In 
Umkehrung dieses Prinzips kann man auch die Antikorper auf den 
Elektroden binden und Haptene oder dergleichen aus der MeSprobe 
detektieren. Das Antigen kann auch ein hohermolekulares Virus- 
Protein sein, das am Mikroelektrodenarray fest gebunden ist und 
Antikorper aus der MeSprobe zu messen gestattet. Varianten 
dieses Verfahrens sind der Einsatz von .multivalenten 
Antikorpern, mit denen drei- oder mehrfache Molekulkomplexe 
konstruiert und gemessen werden konnen, 

Eine weitere Ausgestaltung des erf indungsgemaSen Verfahrens ist 
dadurch gegeben, daS man das Ultramikroelektrodenarray zur 
elektrischen Auslesung von Hybridisierungsvorgangen in der 
Nucleinsaurechemie einsetzt (Anspruch 13),. Applikationen in der 
Gentechnologie lassen sich dann dadurch realisieren, daS man 
Nucleotide uber Thiolbindungen oder dgl. an die 
Elektrodenstrukturen koppelt und die Bindung komplementarer 
Nucleinsaure-Bausteine durch das erf indungsgemaSe Verfahren 
erfaSt. Diese Detektion laSt sich dadurch variieren, daS man 
zusatzliche Anlagerungen von Nucleinsauren, z. B. zur Triple-DNS 
oder die zusatzliche Einlagerung komplexierender Molekule in 
Doppel- oder Triple-Helices als Bindungsereignis einer Messung 
zuganglich macht (Anspruch 14) . Fur diese Komplexierung oder 
Einlagerung konnen vorteilhaf terweise auch Metallkomplexe 
genutzt werden, die das elektrodennahe Feld elektrisch besonders 
intensiv verandern. 
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Das MeSprinzip und die Veranderung des elektrischen Feldes 
gestattet es prinzipiell, die Molekulstruktur und -art mittels 
einer quantitative]! Analyse des Impedanzspektrums zu 
unterscheiden. Eine Dif f erenzierung nach der Art und GroSe der 
Molekule ist durch die quantitative Auswertung und insbesondere 
durch die Eichung der Impedanzspektren mit bekannten 
Molekiilspezies moglich. 
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Die Erf indung wird nachfolgend anhand mehrerer Figuren und einem 
Beispiel erlautert . 

zeigt mogliche Anordnungen der 
Ultramikroelektrodenarrays ; 
zeigt die Adsorption von "SH-Biotin; 

zeigt Nyquist-Plots einer mit SH-Biotin modif izierten 
und einer zusatzlich mit Streptavidin komplexierten 
Elektrode; 

zeigt den amperometrischen Nachweis von p-Aminophenol . 

Figur 1 zeigt verschiedene mogliche Anordnungen von 
Ultramikroelektrodenarrays . Dabei ist 
la eine streifenf ormige parallele Anordnung; 
lb eine maanderf ormige parallele Anrodnung; 
lc eine fingerartige interdigitale Anordnung; 
Id eine kreisf ormige parallele Anordnung; 
le . eine kreuzformig gestapelte und voneinander isolierte 
Anordnung; 



Der Anordnung der Figur Id sehr ahnlich ist die Anordnung der 
Elektroden als parallel verlaufende Schnecke. 

Die voneinander isolierten Ultramikroelektroden 1 und 1' mit 
ihren Kontakten zur elektrischen Verbindung 2 sowie den 
Isolationsschichten (z.B. Siliciutrmitrid)^ 3 auf dem Chip sind 
auf einem planaren Trager (z.B. ein Siliciumchip) 4 angeordnet. 
Bei der mehrlagigen Anordnung der Figur le wird durch eine 
Zwischenisolierung 5 die Elektrodenebene 1 von der 
Elektrodenebene 1 ' isoliert . 

Aus fuhrungsbei spiel 

Ein interdigi tales Goldelektrodenarray , strukturiert nach 
Figur lc, besitzt eine Elektrodenbreite von 1 /zm und einen 
Elektrodenabstand von 0.7 fim. Die Elektroden werden mit einer 1 
ml, 10 mmol/1 SH-Biotin-L6sung mittels Self Assembling 
modif iziert. 



Figur 1 

Figur 2 
Figur 3 

Figur 4 
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In Figur 2 ist die Adsorption von 10 mmol/1 SH-Biotin in einer 
0.1 mol/1 Natriumpuf f erlosung als Kapazitats-Zeit-Verhalten bei 
einem angelegten Potential von 50 mV und einer zusatzlich 
aufgepragten Amplitude von 10 mV an einem Paar interdigitaler 
Goldelektroden dargestellt. Die Kapazitat der Elektrode 
emiedrigt sich nach einer Zugabe von SH-Biotin in die Losung. 
Nach ca.. 2000 Sekunden ist die Goldoberf lache vollstandig mit . 
-S-Biotin bedeckt . Nach 10 min. Waschen der Elektrode in 0.1 
mol/1 Natriumpuf f erlosung wird in einem nachf olgenden Schritt 
die adsorbierte monomolekulare Molekulschicht mit Streptavidin 
durch Eintauchen der modif izierten Elektrode fur 2 Stunden in 
eine 50 U/tnl Losung komplexiert. Nach der S-Galactos-idase^ - 
Streptavidin Modif izierung wurde die Elektrode 10 min in 0.1 
mol/1 Natriumpuf f erlosung gespult und anschlieSend in eine 
MeSzelle gespannt . 

Figur 3 zeigt sogenannte Nyquist -Plots bei einem Potential von 
50 mV, einer Amplitude von 10 mV und einem Frequenzbereich 
zwischen 2x10 ~ 2 Hz und 1x10 s Hz, gemessen als Zweipol-Impedanz . 
Kurve I reprasentiert die mit SH-Biotin modif izierte Elektrode, 
Kurve II die gleiche Elektrode nach zusatzlicher Komplexierung 
des SH-Biotin mit E-Galactosidase-Streptavidin. Die Anderung der 
Impedanz zeigt die- Storung des Dielektrikums zwischen den. 
Elektroden durch das komplexierte Molekul und reprasentiert 
aufierdem eine vollzogene Bindung zwischen dem Biotin und dem 
Streptavidin- Enzym- Komplex . 

Das Enzym 6-Galactosidase am Streptavidin wird unabhangig als 
kombinierter amperometrischer Nachweis der Bindung des B- 
Galactosidase-Streptavidins an das SH-Biotin genutzt. Dieser 
Nachweis wird mit der Funktion der S-Galactosidase , der 
enzymatischen Umsetzung von 5 mmol/1 p-Aminophenyl-S-D- 
Galactopyranoside (p-APG) zu p-Aminophenol , liber eine. 
amperometrische Oxidation-Reduktion des p-Aminophenols 
durchgef uhrt . 
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Figur 4 zeigt den amperometrischen Nachweis von p-Aminophenol an 
den gleichen Elektroden mit einem Oxidationspotential von 250 mV 
und einem Reduktionspotential von -50 mV gegen eine Ag/AgCl- 
Referenzelektrode, nach Zugabe von 5 mmol/1 p-APG in 0.1 mol/1 
Natriurapuf f erlSsung in die MeSzelle. Die kontinuierliche 
Umsetzung von p-APG zu p-Aminophenol , welches durch den linearen 
Anstieg des Stromes reprasentiert wird, zeigt an, date das Enzym 
die p-Aminophenolkonzentration in der Mefikammer erhoht. 
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Anspruche : 

1. Verfahren zum Detektieren von Molekulen oder 
Molekiilkomplexen, wobei 

eine Mefiprobe mit einer Ultra-Mikroelektrodenanordnung in 
Kontakt gebracht wird, welche tnindestens zwei 
Elektrodenstrukturen aufweist, die derartig zueinander 
angeordnet sind, daS die Abstande zwischen den verschiedenen 
Strukturen im Ultra -Mikrobereich liegen, 

durch Anlegen eines elektrischen Potentials ein elektrisches 
Wechselfeld erzeugt wird und 

die Strom- oder Potent ialveranderungen gemessen -werden, die 
durch in der MeSprobe vorhandene oder entstehende Species 
verursacht werden. 

2. Verfahren nach Anspruch 1, worin die Feldveranderungen mit 
Hilfe der Impedanzspektroskopie gemessen werden. 

3. Verfahren nach Anspruch .1. oder . 2,, worin die. Vers timmung„des„ 
elektrischen Feldes, die durch in der MeSprobe vorhandene 
oder entstehende Spezies entsteht, durch die Messung der 
kapaz it iven und/oder der resist iven Anteile und/oder des 
Phasenwinkels zeitunabhangig oder zeitabhangig gemessen 
wird . 

4. Verfahren nach einem der Anspruche 1 -bis 3, worin die 
Detektion der Molekule oder Molekulkomplexe anhand ihrer 
Bindung oder Anlagerung oder Diffusion erfolgt. 

5. Verfahren nach einem der Anspruche 1 bis 4, wobei mehrere 
Elektrodenanordnungen iiberlagert angeordnet und die 
Kreuzungspunkte durch Isolationsschichten voneinander 
isoliert sind und die Messung sequentiell, parallel oder 
simultan erfolgt. 
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6 Verfahren nach einem der Anspruche 1 bis 5 f dadurch 

gekennzeichnet , daS das elektrische Wechselfeld mit einem 
Gleichstromanteil uberlagert oder angeregt wird. 

7. Verfahren nach Anspruch 6, wobei in der MeSprobe 
amperometrische Oxidationen oder Reduktionen oder Redox- 
Recycling von Molekulen mit elektrisch aktiven Gruppen oder 
von Redox -Media toren gemessen werden. 

8. Verfahren nach einem der Anspriiche 1 bis 7, worin zu 
messende Spezies sich auf den aktiven Elektrodenf lachen 
selbst . anordnen und in gebundenem Zustand gemessen werden. 

9. Verfahren nach einem der Anspruche 1 bis 8, worin Molekule 
auf den Elektrodenf lachen durch Elektropolymerisation 
gebunden und in gebundenem Zustand gemessen werden. 

10. Verfahren nach einem der . Anspruche 1 bis 9, wobei Molekule 
in den Elektrodenzwischenraumen und/oder auf der 
Gesamtoberf lache der Elektroden durch physikalische oder 
chemische Bindung fixiert und gemessen werden. 

11. Verfahren nach einem der Anspruche 8 bis 10 wbei eine erste 
fixierte Molekulschicht eine Haftgruppe enthalt, die selbst 
oder durch ein bif unktionelles Reagenz eine zweite 
Molekulschicht und diese gegebenenf alls weitere bindet und 
diese Ereignisse oder ihre Umkehr gemessen werden. 

12. Verfahren nach Anspruch 11, worin die erste Molekulschicht 
komplexbindende Gruppen enthalt, die ihren komplementaren 
Bindungspartner binden, wobei diese Ereignisse oder ihre 
Umkehr gemessen werden. 

13. Verfahren nach Anspruch 11 oder 12, worin die erste 
Molekulschicht ein Desoxyribonukleinsaure- oder ein 
Ribonukleinsaurebaustein ist, der durch Hybridisierung einen 
komplementaren Molekulstrang bindet, wobei dieses Ereignis 
oder seine Umkehr gemessen werden. 
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14. Verfahreri nach Anspruch 13, worin die Molekulanordnung einen 
weiteren Nucleinsaurebaustein oder ein komplexierendes oder 
einlagemdes Molekul bindet und dieses Ereignis oder seine 
Umkehr gemessen wird. 

15. Verfahren nach einem der Anspruche 1 bis 14, worin die 
Molekule oder Molekulkomplexe detektiert werden, indem sie 
nach Gr6£e und/oder Art unterschieden werden. 

16. Verfahren nach einem der Anspruche 1 bis 15, worin die 
aktiven Elektrodenf lachen aus Gold, Platin, Iridium oder 
anderen Edelmetallen, aus Kohlenstof f materialien oder aus 
anderen leitenden Materialien oder aus Kombinationen-hieraus 
bestehen. 

17. Verfahren nach einem der Anspruche 1 bis 16, worin die 
Elektroden auf Siliciumverbindungen, Glas, Keramik, 
organische Polymere oder andere isolierende Materialien, 
auf gebracht oder- darin. eingelegt sind. . 

18. Verfahren nach einem der Anspruche 1 bis 17, worin die 
Elektroden durch Beschichtung auf einem Substrat oder 
Einbettung in ein solches als Bander oder Streifen oder 
kreisf ormige Strukturen oder interdigitale Anordnungen im 
Mikrometer- oder Submikrometerabstand zueinander angeordnet 
sind. 

19. Verfahren nach einem der Anspruche 1 bis 18, worin die 
Elektroden zumindest teilweise als mehrlagige und 
voneinander isolierte und ggf . sich kreuzende Strukturen 
angeordnet sind. 

20. Verfahren nach einem der Anspruche 1 bis 19, worin die 
aktiven Elektrodenf lachen uber isolierte Zuleitungen 
und/oder elektronische Komponenten einzeln oder in Gruppen 
mit Gleich- und/oder Wechselstrom beaufschlagt werden 
.konnen. 
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(54) Title: ELECTROCHEMICAL SENSOR 
(54) Bezeichnung: ELEKTROCHEMISCHER SENSOR 
(57) Abstract 

The invention relates to an electrochemical sensor with in- 
terdigital micro-electrodes (1) with structure widths in the sub- 
join range. With a twin or muni-pair array of the interdigital 
micro-electrodes on a substrate (8), the electrochemical detection 
of molecules with high sensitivity is made possible and further uses 
for the detection of chemical reaction cycles are made available. 
The electrodes may be arranged in a micro-channel applied to the 
substrate having a constant small volume of a few nanoiitres. The 
electrochemical sensor of the invention is suitable for the multiple 
measurement of the same species of molecule or as a multi-sensitive 
sensor in chemical analysis and process control in various fields such 
as biotechnology, environmental protection or health. 

(57) Znsairnnenfassnng 

Die Erfindung betrifft einen elektrocbemischen Sensor mh in~ 
terdigitalen Mikroelektroden (1), die Strukturbreiten im sub-jxm- 
Bereich aufweisen. Durch anayforxnige Anordnung zweier oder 
mehrerer Paare der interdigitalen Mikroelektroden auf einem Sub- 
strat (8) werden die dektrochemiscbe Detektion von Molekulen 
mit boher Nacbweisemphndlichkeit ermoglicht und erweiterte En- 1 
satzmoglichkeiten zur Erfassung chemischer Reaktionsablaufe zur 

Verfugung gestellt. Die Elektroden kdnnen in einem auf das Substrat aufgebrachten Mikrokanal angeordnet sein, der cin konstantes, 
kleines Volumen von wenigen Nanolitern aufweisL Der ernndungsgemafie elektrcchemische Sensor ist zur Vjclfachmessung der gleichen 
MolekOlspezies oder auch als multisensitiver Sensor in der chemischen Analytik und ProzeBkontroUe auf verschiedenen Gebieten wie 
Biotechnologie, Umweltschutz oder Gesundheitswesen einsetzbar. 
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BESCHRE1BUNG 



ELEKTROCHEMISCHER SENSOR 



Technisches Gebiet 

Die Erfindung betrifft einen eiektrochemischen Sensor nach dem Oberbegriff des 
Anspruchsl. 

Eiektrochemische Sensoren mit interdigitalen (d.h. fingerartig ineinandergreif en- 
den) Mikroelektroden sind fur die chemische Anaiytik und ProzeSkontrolle auf 
verschiedenen Gebieten wie Biotechnologie, Umweltschutz, Gesundheitswesen 
einsetzbar. Sie weisen kieine Diffusionslangen fur elektrochemisch aktive 
Molekule auf, da die Abstande zwischen den einzelnen fingerartigen Elektroden- 
bereichen im nm- Oder sub-jim-Bereich liegen. 

Stand der Technik 

Bisher bekannt sind eiektrochemische Sensoren mit miniaturisierten planaren 
Etektroderi mit Geometrien oberhalb von 2 jam. Sie werden in Dunnfilmtechno- 
logie hergestellt und als Transduktoren zur Detektion von phemischen oder bio- 
chemischen Substanzen verwendeL 

Mit Elektrodengeometrien zwischen 20 und 100 ^im werden nur Detektionsei- 
genschaften der Elektroden erreicht, wie man sie auch bei konventionellen Eiek- 
troden aus dunnen Drahten findet (vgl. M. Suda et a!., Proceedings Second 
World Congress on Biosensors, Genf, Schweiz 1992, p. 400; N.F. Sheppard, Jr. 
et al., Anal. Chem. 1993, 65, 1199 - 1202. 

Aus LD. Watson (Biosensors 3, 1987/88, 101-115) sind Anordnungen mit zwei 
parallelen und 5 *im breiten Metalldunnfilmbandern zur Leitfahigkeitsmessung 
bekannt. 
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Fur die Beschreibung von Spannungsprofilen nutzten T. Matsue et al. (Anal. 
Chem. B2, 1990, 407-409) eine Anordnung von 16 Elektroden mit 1 mm Lange 
und0,1 mm Breite. 

Eine Anordnung von spharischen Elektroden mit Mikrometerabmessungen in 
der Isolierung auf einer Metallfiache wird von B. Ross et al. (Sensors & Actuators 
B7, 1992, 758-762) beschrieben. Durch die elektrisch parallel miteinander 
verbundenen Mikroelektroden entsteht dabei nur ein MeBsignal bei voftammetri- 
schen und chronoamperometrischen Messungen. 

I. Fritsch-Faules et al. (Anal. Chem. 64, 1992, 1118-1127) verwenden eine 
Anordnung mit 4 jam breiten und 8 *im voneinander entfernten Eektroden fur die 
Bestimmung von Konzentrationsprofilen von Redoxzentren in Polymerfilmen. 
Ein elektrochemischer Sensor mit einem Paar interdigitaler Mikroelektroden ist 
aus O. Niwa et al. (Anal. Chem. 62, 1990, 447-452) bekannt. An den Mikroelek- 
troden dieses Sensors mit Strukturbreiten zwischen 0,75 und 10 jxm wurden 
erstmals Verstarkungseffekte durch elektrochemisches Rezyklisieren von 
reversiblen Redoxmolekuien aufgezeigt 

Aile beschriebenen Elektroden wurden jeweils in stationaren MeBverfahren ein- 
gesetzL 

Darstelluno der Erfinduna 

Der Erfindung liegt die Aufgabe zugrunde, einen elektrochemischen Sensor an- 
zugeben, der die elektrochemische Detektion von Molekulen mit hoherer 
Nachweisempfindlichkeit ermoglicht und erweiterte Einsatzmoglichkeiten zur 
Erfassung chemischer Reaktionsabiaufe bietet. 

Die erfindungsgemaBe Losung dieser Aufgabe ist in Anspruch 1 angegeben. 
Weiterbildungen und besondere Ausgestaltungen der Erfindung sind Gegen- 
stand der Unteranspruche. 

ErfindungsgemaB weist der elektrochemische Sensor nach Anspruch 1 zwei 
Oder mehr Paare interdigitaler Mikroelektroden mit Strukturbreiten unter 1 \im 
auf, die als Mikroelektrodenarray auf einem Substrat angeordnet sind. Die 
einzelnen Paare sind unabhangig voneinander mit elektrischen Potentialen be- 
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aufschlagbar, und die MeBeffekte an den einzelnen Elektroden sind unabhangig 
voneinander ableitbar. Unter MeSeffekten sind hier insbesondere amperometri- 
sche, potentiometrische oder impedimetrische Effekte zu verstehen. Vorzugs- 
weise wird ein planares Substrat aus Glas, Saphir, Sitizium oder Potymeren ver- 
wendet, wobei die Elektroden in Planartechnologie aufgebracht werden. Durch 
die Feinstrukturierung der Elektroden wird erreicht, daB die Abstande zwischen 
den interdigitalen, d.h. fingerartig angeordneteh Mikroelektroden (z.B. Abstande 
von ca. 700 nm) klein werden gegenuber den Entfernungen, die nachzuweisen- 
de Molekule wahrend der MeBzeit zurucklegen. Dies ermoglicht es, das-gleiche 
Molekul mehrfach elektrochemisch zu erfassen, z.B. es wiederholt zu oxidieren 
und zu reduzieren, bevor es aus dem Elektrodenbereich wegdiffundiert ist 
Auf diese Weise erreicht man besonders vorteilhafte Verstarkungseffekte. Die 
erfindungsgemaBe mehrfache Anordnung dieserart feinstrukturierter Elektro- 
denpaare fuhrt in vorteilhafter Weise zur Muttiplikation des eben beschriebenen 
Verstarkungseffektes, indem mit geeigneter MultielektrodenmeBtechnik (z.B. m'rt 
einem rechnergestutzten Multipotentiometer) sowohl simultane Messungen als 
auch die Wiedererfassung von Molekulspezies, die vorher an einem benachbar- 
ten interdigitaien Mikroelektrodenpaar erzeugt wurden, realisiert werden. 
Simultane Messung und Wiedererfassung fuhren zu einer signifikanten 
Verbesserung der analytischen NachweisempfindlichkeiL. 
Zusatzliche vorteilhafte Einsatzmoglichkeiten des erfindungsgemaBen Sensors 
sind weiter unten beschrieben. 

Die Mikroelektroden bestehen gemaB Anspruch 2 vorzugsweise aus dunnen 
Schichten von Edelmetallen und/oder potentialbildenden Metalloxiden (z.B. Sil- 
ber-Siiberhalogenid) oder Metallsalzen. Diese dunnen Schichten sind als 
Dunnfilmelektroden so in die Substratoberflache eingelegt bzw. eingegraben, 
daB eine Pianarisierung der Oberflache und gleichzeitig eine mechanische Stabi- 
lisierung der Elektroden erreicht wird. Durch die Pianarisierung wird die 
Diffusionscharakteristik zwischen zwei benachbarten Elektroden optimiert 

Eine besonders vorteilhafte Weiterbildung des erfindungsgemaBen Sensors be- 
steht nach Anspruch 3 darin, daB sich die aktiven Flachen der Mikroelektroden 
in einem Mikrokanal mit Zu- und AbfiuBoffnung befinden, der auf das Substrat 
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aufgebracht ist. Der Mikrokanal kann z.B. ein Kanal oder Graben aus geatztem 
Oder laserstrukturiertem Siiizium oder Poiymeren sein, der auf das Substrat 
aufgeklebt oder gebondet ist. Das gesamte Mikroelektrodenarray ist somit in 
einem definierten und konstanten Raum geringen Volumens, dem erfindungs- 
gemaSen Mikrokanal, angeordnet. Der besondere Vorteil dieser Anordnung er- 
gibt sich aus dem konstanten und kleinen Volumen von wenigen Nanofrtern, das 
die Mikroelektroden umgibt und hochempfindlich kleinste Veranderungen der zu 
untersuchenden Substanz zu messen gestattet Bei in Kanalrichtung in Reihe 
angeordneten interdigitaien Mikroelektrodenpaaren (die fingerartigen Elektro- 
denbereiche jsind senkrecht zur Kanalrichtung angeordnet) ergibt- sich -die - 
Moglichkeit, gleichzeitig oder zeitversetzt an verschiedenen Stellen des 
Mikrokanals zu messen. 

A!s besondere Ausgestaltung ist nach Anspruch 4 der Mikrokanal als mechani- 
sches Hilfsmittel zur lmmobilisierung oder Ruckhaltung von chemischen oder 
biochemischen Komponenten ausgebildet, indem z.B. durch schrage oder 
uberstehende Kanalwande Polymerfilme mrt immobilisierten Biokomponenten 
fixiert werden kpnnen. Durch siliziumgeatzte Gitter geiingt auch die Retention 
von chemisch beladenen Mikrokugeln, wobei der Mikrokanal in diesem Fall als 
ReaktorgefaB dient ' 

Nach Anspruch 5 sind auf dem Substrat zusatzlich zu den Mikroelektroden- 
arrays, z.B. als umgebende Flache, we'rtere flachige Elektroden als Arbeits- oder 
Bezugselektroden angeordnet. 

Eine Weiterbildung des erfindungsgemaBen elektrochemischen Sensors ist in 
Anspruch 6 angegeben. Die Weiterbildung betrifft die flussigkeitsresistente 
Isolation der Leiterbahnen, die die Mikroelektroden mit Kontaktflachen am Rand 
des Substrats verbinden, durch eine isolierende Schicht, vorzugsweise aus Sili- 
ziumoxid, Siliziumnitrid oddr Photolacken. Die isolierende Schicht ist so 
aufgebracht, daB die aktiven Fiachen der Mikroelektroden fur das analytische 
Medium und die Kontaktflachen fur elektrische Kontaktierungen zuganglich blei- 
ben. 
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Der erfindungsgemaBe elektrochemische Sensor hat eine Vielzahl von Einsatz- 
moglichkeiten. So laSt er sich z.B. zur simultanen Vielfachmessung cler gleichen 
Molekuispezies einsetzen. Wie in Anspruch 7 dargelegt, konnen durch 
Vielfachmessung des gleichen MeBeffektes mit der Mehrfachanordnung der in- 
terdigitalen Mikroelektroden die amperometrischen, potentiometrischen Oder 
impedimetrischen MeBeffekte an den etnzelnen Mikroelektroden ausgemittelt 
werden. Jeder MeBeffekt wird entsprechend der Zahl n der Mikroelektroden n- 
fach gemessen und somit gemaB der Quadratwurzel aus n das Signal-Rausch- 
verhaltnis bzw. die Empfindlichkeit der Gesamtmessung verbessert. 

Eine weitere Verwendungsmoglichkeit des erfindungsgemaBen Sensors besteht 
gemaB Anspruch 8 in der gleichzeitigen Oder ze'rtversetzten Detektion unter- 
schiedlicher elektrochemischer Reaktionen oder zur Detektion des zeitlichen 
Verlaufs der gleichen oder unterschiedlicher elektrochemischer Reaktionen. 
Durch gleichzeitiges oder zeitversetztes Anlegen unterschiedlicher Potentiate an 
die einzelnen Mikroelektroden konnen verschiedene elektrochemische 
Prozesse, die an den jeweiligen Elektroden ablaufen, gleichzeitig oder zeitver- 
setzt detektiert werden. Zeitversetzte Applikation der Potentiate an raumlich eng 
benachbarten Mikroelektroden bietet auBerdem die vorteilhafte Moglichkeit, 
schnelle Reaktionen zertHch verfolgen zu konnen. Das MeBverfahren der 
Pulspolarographie kann durch zeitiich alternierendes Anlegen der Potentiate an 
die Mikroelektroden ebenfalls angewendet werden. 

Nach Anspruch 9 laBt sich der erfindungsgemaBe Sensor zur Messung der 
Stromungsgeschwindigkeit einer analytischen Probe, der zeitlichen Probenver- 
anderung oder von Durchmischungseffekten der Probe verwenden, indem elek- 
trochemisch aktive Molekule der Probe an verschiedenen Elektroden durch ort- 
lich und/oder zeitiich versetzte Detektion gemessen werden. Ein wesentlicher 
Vorteil ergibt sich bei der Messung, wenn die Mikroelektroden in einem 
Mikrokanal gemaB Anspruch 3 mit definiertem und konstantem Volumen 
angeordnet sind. Vorteilhaft wird dabei an einer Elektrode eine Spezies erzeugt 
und an einer anderen stomungsabhangig gemessen. Durch das konstante Vo- 
lumen konnen bei gestopptem FluB auch die Probenveranderung mit der Zeit 
oder Durchmischungseffekte verfolgt werden. 
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Eine vorteilhafte Verwendung des erfindungsgemaSen Sensors besteht nach 
Anspruch 10 darin, die Aktivitat von Enzymen, die bei Einsatz geeigneter 
Enzymsubstrate die Freisetzung eines elektrochemisch reversiblen Produktes 
kataiysieren, mit hoher Empfindiichkeit nachzuweisen, indem eine Mikroelektro- 
de eines interdigitalen Mikroelektrodenpaares so polarisiert wird, daS das 
reduzierte Reaktionsprodukt oxidiert wird, und die andere Mikroelektrode des 
gleichen interdigitalen Mikroelektrodenpaares so polarisiert wird, daB das 
oxidierte Reaktionsprodukt reduziert wird. Damit kann die Freisetzung reversibel 
oxidierbarer und reduzierbarer Produkte, insbesondere hydrolytischer Enzymre- 
aktionen, sehr empfindiich durch die mehrfache Umsetzung des Produktes der 
Enzymreaktion detektiert werden. Dieser Bnsatz des erfindungsgemaSen 
Sensors erlaubt die Bestimmung von Enzymsubstraten mit hoher Empfindiich- 
keit und ist fur den hochempfindiichen Nachweis von Enzymen geeignet 
Das Enzym kann z.B. auch selbst Analyt sein oder als Marker in Immunotests 
Oder DNA-Hybridisierungsmethoden dienen. Hierbei werden das oder die 
Enzyme in geloster Form extern inkubiert oder dem Elektrodenraum (z.B. 
MikrokanaO zugefuhrt oder sind bereits immobilisiert im Mikroreaktionsraum an- 
geordnet. 

Die erfindungsgemaBe Anordnung wird im folgenden anhand der Ausfuhrungs- 
beispiele und der Zeichnungen naher erlautert. 

Dabeizeigen: 

Figur 1 schematisch ein Beispiel des elektrochemischen Sensors, 

Figur2 schematisch einen Querschnitt (A-A') und einen Langsschnitt (B-B') 
durch die Elektrodenanordnung des elektochemischen Sensors aus 
Fig. 1 mit aufgebrachtem Mikrokanal On Fig. 1 nicht gezeigt), 

Rgur 3 MeBkurven der Oxidation von Ferrocyanid, und 

Figur 4 MeBkurven des Nachweises von p-Aminophenol. 
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Ausfuhrunasbeispiel 

Ein Ausfuhrungsbeispiel fur den erfindungsgemaBen elektrochemischen Sensor 
ist in Figur 1 gezeigt Die interdigitalen Mikroelektroden 1 sind hier paarweise in 
einer Reihe gemeinsam mit der Referenzelektrode 2 auf einem planaren Silizium- 
Chip 8 angeordnet Die Leiterbahnen von den Mikroelektroden 1 und der 
Referenzelektrode 2 zu den elektrischen Kontaktflachen 7 sind durch eine 
isolierende Schicht 6 abgedeckt 

En Querschnitt entlang der Achse A-A' und ein Langsschnitt entlang der- Achse 
B-B' aus Figur 1 ist in Figur 2 mit aufgesetztem Mikrokanal 3 gezeigt. Dsr 
Mikrokanal 3 besteht in diesem Beispiel aus einem Silizium-Chip 9 mit anisotrop 
geatztem Graben, der auf den die Mikroelektroden 1 enthaltenden Siiizium-Chip 
8 aufgeklebt ist. Zwischen den beiden Silizium-Chips 8 und 9 befindet sich die 
Kleb- bzw. Dichtungsschicht 10. Zu- und AbfluBoffnung 4 und 5 des Mikrokanals 

3 sind im Langsschnitt zu erkennen. 

Rgur 3 zeigt mit dem erfindungsgemaBen Sensor aufgenommene MeBkurven 
der Oxidation von Ferrocyanid. Die einzelnen Maxima ergeben sich nach 
Zugabe von 62, 124, 250 und 500 nmol/l Ferrocyanid. Dargestellt sind die 
simultan erfaBten MeBkurven (l(t)) jeder einzelnen von vier Mikroelektroden 
(eL1,eL2,eL3,eL4), die MeBkurve der Parallelschaltung der vier Elektroden 
(parallel el. 1-4) und die ausgemittelte MeBkurve aus der Simultanmessung mit 
den vier Elektroden (average el. 1-4). Das geringere Signal-Rauschverhaltnis bei 
der mit dem erfindungsgemaBen Sensor moglichen simultanen Vielfachmessung 
ist deutlich zu erkennen. 

Der Verstarkungseffekt der interdigitalen Mikroelektrodenanordnung ist in Figur 

4 am Beispiel von MeBkurven (l(t)) des Nachweises von p-Aminophenol mit wie- 
derholter Oxidation/Reduktion an einem interdigitalen Mikroelektrodenpaar 
(A(Ox) und A' (Red)) dargestellt. Zum Vergleich dazu ist eine MeBkurve (B(Ox)) 
gezeigt, die bei konventioneller Oxidation (zweite Elektrode ohne Funktion) am 
gleichen Elektrodenpaar gemessen wurde. (a,b: jeweiis Zugabe von 50 pimol/l 
p-Aminophenol). Die deutlichen Unterschiede in der Signalhohe zeigen den 
Vorteil der interdigitalen Mikroelektrodenanordnung. 
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lm folgenden werden zwei Ausfuhrungsbeispiele zur Verwendung des 
erfindungsgemaBen elektrochemischen Sensors angegeben. 

Das erste Ausfuhrungsbeispiel betrifft die empfindliche Bestimmung der Aktivitat 
von alkalischer Phosphatase. Der in den Figuren 1 und 2 gezeigte elektroche- 
mische Sensor wird in ein FiieBsystem eingesetzt. Mit einem Muttipotentiostaten 
wird eine Elektrode eines interdigitalen Elektrodenpaares gegenuber einer Sil- 
ber/Silberchlorid (gesattigte KCI) - Referenzelektrode (im AbfiuB positioniert) auf 
250 rnV polarisjert. An diejeweils andere Elektrode des Elektrodenpaares wird 
ein Potential von -50 mV angelegt. In gleicher Weise werden an alle anderen 
Elektrodenpaare des interdigitalen Mikroelektrodenarrays unabhangig vonein- 
ander die entsprechenden anodischen oder kathodischen Potentiale gelegt. Die 
MeSlosung, bestehend aus 0,1 mol/l PhosphatpufferiSsung (pH 7,0) mit 0,1 
mol/l KCI, wird mit 0,8 ml/min FlieBgeschwindigkeit durch die Elektrodenmikro- 
kammer (Mikrokanal) gefuhrL Die Grundstrome jeder Elektrode werden simultan 
aber unabhangig voneinander abgeleitet. Nach Injektion von 1 ixmo\/\ p- 
Aminophenol werden an jeder einzelnen Anode die Erhohung der Oxidations- 
strome und an jeder einzelnen Kathode die Veranderung der Reduktionsstrome 
registriert (zum Vergleich siehe Figur 1). Die MeBdaten werden rechnerisch zu 
rauschverminderten gemittelten MeBsignalen verarbeitet. Durch Registrierung 
und Verarbeitung der Stromanderung nach Injektion von 2, 5 und 10 nmoi/l p- 
Aminophenol wird eine Eichkurve erstellt. Gleichzeitig.. werden in externen 
temperierten MeBgefaBen Proben mit alkalischer Phosphatase mit 5 mmol/l p- 
Aminophenylphosphat in 1 mol/l Diethanolamin-Puffer (pH 9,8; mit 0,5 mmoi/l 
MgCI 2 , 37°C) inkubiert. Nach 1 Minute Inkubationszeit werden 100 jal der 
Reaktionslosung in den flieBenden Puffer der MeBanordnung injiziert Die 
Veranderung der amperometrischen Elektrodensignale wird wie oben beschrie- 
ben einzeln abgeleitet und verarbeitet. Die Enzymaktivitat der MeBprobe, 
definiert als Bildungsgeschwindigkeit von p-Aminophenol aus p-Aminophenyl- 
phosphat (1 U = 1 fimol/min), wird mit Hilfe der zuvor erstellten Eichkurve 
berechnet. 
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lm zweiten Ausfuhrungsbeispiel wird die Aktivitat von alkalischer Phosphatase, 
die auf einem mikrodispersen Trager immobiiisiert ist, mit der im vorhergehen- 
den Ausfuhrungsbeispiel beschriebenen MeBanordnung bestimmL Die Trager 
werden dazu in der beschriebenen Mikrokammer durch ein geatztes Sjliziumgit- 
ter zuruckgehalten. Nach der p-Aminophenylphosphat-Zugabe erfolgt die 
Registrierung der Bildung von p-Aminophenol. Die Messung, Bchung und Aus- 
wertung erfolgt analog zum vorhergehenden Ausfuhrungsbeispiel. 
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PATENTANSPRUCHE 



1. Elektrochemischer Sensor mit interdigitalen Mikroeiektroden (1), die 
Stnjkturbreiten im siib-|im-Bereich aufweisen, 

dadurch gekennzeichnet, 

daS auf einem Substrat (8) zwei Oder mehr Paare der interdigitalen 
Mikroeiektroden (1) als Mikroelektrodenarray angeordnet sind, wobei die 
einzelneruPaare unabhangig voneinander mit elektrischen Potentialen ba- 
aufschlagbar, und die MeBeffekte an den einzeinen Eiektroden unabhangig 
voneinander able'rtbar sind. 

2. Elektrochemischer Sensor nach Anspruch 1 , 
dadurch gekennzeichnet, 

daB die Mikroeiektroden aus dunnen Schichten von Edelmetallen und/oder 
potentialbildenden Metalloxiden oder Metallsalzen bestehen, die so in die 
Substratoberflache eingegraben sind, daB sich eine ebene Oberflache 
ergibt 

3. ' Elektrochemischer Sensor nach Anspruch 1 oder 2, 

dadurch gekennzeichnet, 

daB sich die aktiven Rachen der Mikroeiektroden in einem Mikrokanal 3 mit 
Zu- und AbfluBoffnung (4, 5) befinden, der auf das Substrat aufgebracht ist. 

4. Elektrochemischer Sensor nach einem der Anspruche 1 bis 3, 
dadurch gekennzeichnet, 

daB der Mikrokanal so ausgebildet ist, daB er als mechanisches Hiifsmittel 
fur die Immobilisierung von chemisch oder bioldgisch aktiven Substanzen 
genutzt werden kann. 
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5. Elektrochemischer Sensor nach einem der Anspruche 1 bis 4, 
dadurch gekennzeichnet, 

da3 auf dem Substrat zusatzlich weitere fiachige Elektroden (2) als Arbeits- 
oder Bezugselektroden angeordnet sind. 

6. Bektrochemischer Sensor nach einem der Anspruche 1 bis 5, 
dadurch gekennzeichnet, 

daB Leiterbahnen, die von den Mikroelektroden zu Kontaktflachen fuhren, 
durch eine isolierende Schicht, vorzugsweise aus Siliziumoxid Oder Silizk 
umnitrid oder Photolacken, so bedeckt sind, daB nur die aktiven Mikroeleto- 
trodenflachen fur anaiytische Medien und die Kontaktflachen fur elektrische 
Kontaktierungen offen zuganglich sind. 

7. Verwendung des elektrochemischen Sensors nach einem der Anspruche 1 
bis 6 zur Vielfachmessung des gleichen MeBeffektes, wobei die Mehr- 
fachanordnung der interdigitalen Mikroelektroden zur Ausmitteiung der 
amperometrischen, potentiometrischen oder impedimetrischen MeBeffekte 
an den einzelnen Mikroelektroden genutzt wird. 

8. Verwendung des elektrochemischen Sensors nach einem der Anspruche 1 
bis 6 zur gleichzeitigen oder zeitversetzten Detektion unterschiedlicher 
elektrochemischer Reaktionen oder zur Detektion des zeitlichen Verlaufs 
der gleichen oder unterschiedlicher elektrochemischer Reaktionen, indem 
an die einzelnen Mikroelektroden gleichzeitig oder zeitversetzt und/oder 
zeitiich alternierend unterschiedliche Potentiate angelegt werden. 

9. Verwendung des elektrochemischen Sensors nach einem der Anspruche 1 
bis 6 zur Messung der Stromungsgeschwindigkeit einer analytischen 
Probe, der zeitlichen Probenveranderung oder von Durchmischungseffek- 
ten, indem elektrochemisch aktive Molekule der Probe an verschiedenen 
Elektroden durch ortlich und/oder zeitiich versetzte Detektion gemessen 
werden. 
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10. Verwendung des elektrochemischen Sensors nach einem der Anspruche 1 
bis 6 zum Nachweis der Aktivitat von Enzymen mit hoher Empfindiichkeit, 
die bei Einsatz geeigneter Enzymsubstrate die Freisetzung eines elektro- 
chemisch reversiblen Produktes katalysieren, indem eine Mikroelektrode 
eines interdigitalen Mikroelektrodenpaares so polarisiert wird, daS das re- 
duzierte Reaktionsprodukt oxidiert wird, und die andere Mikroelektrode des 
gleichen interdigitalen Mikroelektrodenpaares so polarisiert wird, daB das 
oxidierte Reaktionsprodukt reduziert wird. 
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Electrodeposited Iridium Oxide pH Electrode for 
Measurement of Extracellular Myocardial Acidosis 
during Acute Ischemia 

Sayed A. M. Marzouk,* Stefan Ufer, and Richard P. Buck* 
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Timothy A. Johnson, Larry A. Dunlap, and Wayne E. Cascio 
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In the present paper, fabrication, characterization, and 
physiological applications of a solid-state pH electrode are 
described. The pHjensing layer was based on an anodic 
electrodeposited iridium oxide film (AJEIROF). Sputtered 
platinum electrodes i£ 1 mm diameter) fabricated on flex - 
ible Kapton films o r platinum wires were used as planar 
or cylindrical supports. Each electrode site was coated 
with Nafion to attenuate the interference of anionic redox 
species and to protect the electrode surface during in vivo 
measurements. Performance of the AEIROF was evalu- 
ated, for the first time, as a pH electrode and proved to 
have a slightly super-Nernstian response with slope of 
-63.5 = 2.2 rnV/pH unit for bom wire and planar 
sputtered platinum electrodes. Linear pH responses were 
obtained in the pH range 2-10. The electrodes have a 
working lifetime of at least 1 month with accuracy of about 
0.02 pH unit and fast response time. The electrodes 
showed very low sensitivities for different species, such 
as Na + , K + , Li + , NH4 + , Ca 2 +, Mg 2+ , dissolved oxygen, 
lactate, ascorbate, and urate, which are important for 
physiological applications. The electrodes were applied 
in extraceDular pH measurements during brief regional 
ischemia in a swine heart and no-flow ischemia in an 
isolated rabhit papillary muscle. A first report on extra- 
cellular pH, K + , and lactate simultaneous measurements 
during no-flow ischemia using the AEIROF pH electrode 
and the previously described K 4 " and lactate electrodes is 
presented as well. 

Intracellular and extracellular pH contribute importantly to the 
control of many critical physiological processes. As such, intra- 
cellular and extracellular pH values are tightly regulated despite 
changes in metabolic conditions that alter the production or 
transport of protons. One condition of significant clinical impor- 
tance is myocardial ischemia. Myocardial ischemia results in 
cellular K + loss and net accumulation of protons. This myocardial 
acidosis was partially explained by the production and accumula- 
tion of lactic acid during anaerobic glycolysis. The elecirophysi- 

' On leave from the Department of Chemistry. Ain Shams University, Cairo. 
Egypt. 
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olo£tcal consequences of dssue acidification and extracellular K* 
accumulation induce depressed membrane excitability, alterations 
in impulse propag ition, and the initiadon and maintenance of 
ventricular arrhythmias". These arrhythmias-- frequently accom- 
pany myocardial is:hemia in humans and contribute to the high 
mortality rate asso dated with myocardial infarction. Despite the 
clinical importance of this condition, the relationship among 
cellular K 4 " loss, tissue acidosis, and lactate transport in ischemic 
ven-ricular myocardium is not My understood. 1 * 3 To address 
this relationship, simultaneous measurements of extracellular pH, 
lactate, and K + are necessary. A goal of our laboratory is to realize 
simultaneous measurements of these ionic species with sufficient 
temporal and -spatial resolution to address mechanisms of H\ 
lac:ite, and K + efilux. 

Dur prior accomplishments toward the goal of simultaneous 
measurements of iiese ionic species were, first, development of 
potentiometric sei.sor arrays sensitive for pH and K* which were 
employed in the perfused in situ swine heart, 4 and second, 
development of tv-o types of amperometric biosensors that were 
us«:d successfully for continuous measurements of extracellular 
lacate accumulati in in ischemic rabbit ventricular mycK2rdium> 5 
Ideally, the sensors should be of very small size to allow spatial 
resolution and U> niinimize distortion of the tissue which is 
necessary for rel able physiological measurements. Moreover, 
miniaturization o; the sensors allows incorporation of the three 
sensors into the limited available space around the isolated 
papillary muscle, which has been identified as a useful comple- 
mentary technique 7 * for the whole heart in vivo measurements. 
SLjc reduction of the previously described lactate sensor* by 40% 
has been accomj.lished However, further size reduction of the 
pa tensometric pl anar array pH and KT sensors constructed on 

(3 ) Wilde, A. A. M. Aksnes. G. Cardiovasc Ra. 1995. 23, 1-15. 
<;:) Weiss. J. Shah, R.-C Cardiovasc Res. 1994, 28, 1125-L132. 
C.;> Sheih. H.-C; Go dhaber. J. U Stuart. J. S.; Wdsa, J. N. Circ J>ti. 1994, 74. 
829. 

U) Cosofret. V. V.; Mosy, Johnson, T. A^ Buck, R. P.; Ash, R. B- Neuman. 

ML R. Anal Ou m. 1995, 67, 1647-1553. 
1.5) Maramk, S. 3oaofret. V. V; Buck, It ?a Yang. Cascio. W. £- Hassan. 

S.S.M. Talent i 1997, 44, 1527- 1541. 
fa Marzouk. S, Cosofret, V. Y.; Buck, R. P.; Yang. H.; C«do. W. E.; Hassan. 

S, S.M. Anal >*em. 1997. 69. 2646-2652. 
[7] KlebcT, A. G.; Ilicggcr, C. B./. Physiol. 1987, 335, 307—324. 
(3) JQeber, A, G.; logger, C. B.; Jansc M. J. Circ Res. .1987. 61, 271-279. 
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Kapton support was limited by the manual deposition of the 
membrane cocktail, weaker adhesion to the support, as the 
membrane contact area is diminished, and high impedance. 
Further inmiaturization of. at least, pH sensors can be ac- 
complished by replacing the polymeric membrane electrode by 
a solid-state analogue. 

The pH-sensing capability of metal- metal oxide electrodes has 
been well documented. 9 " 18 Iridium oxide electrodes, in particular, 
are very attractive candidates because they show 0 potential 
stability in aqueous solutions over a wide range of temperature 
and pressure, GO a wide pH response range, (in) a fast response, 
and Ov) the lowest sensitivity to the redox interference, and (v) 
they are not sensitive to stirring. 11 - 1 * 18 Available literature 
techniques to construct the Ir0 2 pH electrodes include high- 
temperature oxidation of iridium wetted with NaOH. 11 high- 
temperature treatment of iridium in molten potassium nitrate, 10 
thermal decomposition of an iridium salt* 18 anodic activation of 
It substrates in sulfuric arid, 14 - 15 - 17 and direct Ir0 2 coating by 
reactive sputtering. xa;2a2x The last approach is advantageous in 
terms of its sufficient processing flexibility to be compatible with 
multiple probe microelecu;ade fabrication, and it is not constrained 
to the use of expensive iridium substrates. Unfortunately, Tr or 
Ir0 2 sputtering was not a practical option owing to the high cost 
of the iridium target 

An obvious alternative is to electroplate iridium on either 
Kapton-based gold or platinum electrodes, followed by electro- 
chemical activation to form the pH-sensing Ir0 2 layer. 1 ** 15 ' 17 
However, this approach is not satisfactory because, unlike iridium 
metal an electroplated Ir layer undergoes dissolution during the 
electrochemical activation rather than the desirable oxide growth. 22 
Cukman et aL 22 - 23 have used electroplated ruthenium-indium 
coatings to prepare stable electrodes for oxygen evolution reaction. 
Electrochemical activation of these coatings resulted in a net Ir0 2 
growth, as indicated by its electrochromic properties and cyclic 
voltammetric behavior. The mild conditions of this approach are 
suitable for the planar Kapton supports. However, preuminary 
investigation showed that the electrodes could be easily damaged 
during . the electrochemical activation. The recently described 2 * 

(9) Stock. J. T.; Purdy. W. C; Garria. L M. CW Rev. 1958, 58, 611-626. 

(10) Dobson, J. Sandin, R. P.; Thirsk. H. R. Bectruchijn. Ada 1976, 21, 527- 
533. 

(11) Papeschi. G.; Bordi, 5^ Bern C; Ventura. L. Biochim. Biapkys. Acta 1976, 
453, 192-199. 

(12) Liu, C-C: Bocriucchio. B. C; Overmyer, P. Nemnan.NL R. Science 1980, 
207. 188-189. 

(13) Fog, Buck. R. P. Sens. Actuators 1984, 5, 137-146. 

(14) Burke. L Mulcahy. J. VU Whelan, D. P. /. EUctroanal Ckrm. 1984. 
263. 117-128. 

(15) IGnoshita. YU Madou, M.J./. Blectrochem. Soc. 1984, 131, 1089-1094. 

(16) Knoshita, L Ingman. EdwaJl, G.; ThuUn, Glab, S. Taiantu 1986. 
33, 125-134. 

(17) ffitchman, M. U Raroanathan, S. Analyst 1988. 113, 35-39. 

(18) Kinlen, P. J.; Heider, J. EL; Hubbard. D. E. Sens. Actuators 1994. B 22. 
13-25. 

(19) Ardizzone, S.: Carugad, A^Trasatii, S.J. EUctoanol Oxcm. 1981, 226, 287- 
292. 

(20) Katsube. T.: Lauks, L: ZemeL J. N. Sens, Actuators 1982, 2, 339-410. 

(21) Kato, A.; Konno, Y.; Yanagida, Y.; Yamasaio, Taguchi, T., Motohashi, 
R. AnaL Sci. 199 1. 7, 1577-1580. 

(22) Vukovic, Cukman. D4 Milun. NU Atanasoska. L Aunasoski. R. T. 
/. EUctroanal. Ovcm. 1992. 330, 663-673. 

(23) Cukman, D„ Vukovic, M.; Milun. U.J. EUctroanal Chan. 1995. 383, 209- 
213. 

(24) Koncki. MU Masoni. M. Anal Otim. Acta 1997, 351, 143-149. 



screen-p'-inted pH elect -ode, prepared by simple incorporation of 
ruthenium oxide into the printing carbon ink, suffers from severe 
redox inlerferences, wh ch limits its use in our present application. 

On the other hand, Yamanaka has described an interesting 
approach 25 for direct ar.odic deposition of IrO? film (AEIROF) on 
indium- tin oxide transparent electrodes as an alternative to 
reactive sputtering to prepare an IrOrbased eiectochromic device. 
Despite the simplicity and the mild conditions of this method, 
the AEIKOF coating tes not been investigated as a pH sensor to 
date. We adapted thii one-step process to form an IrOz layer 
directly on wire and sp attered planar Pt electrodes for miniature 
pH sensor fabrication. Similar to Ir0 2 reactive sputtering, this 
approac i provides several advantages: ffl it eliminates the need 
for sputzered or elecir ^deposited Ir as electrode support, (il) it 
elimina-2S high-temper iture treatment, which is inappropriate for 
the polymeric Kapton s ipports, fiii) it eliminates the electrochemi- 
cal activation step whtn Ir is used as base electrode, and Ov) it 
provide:; the capability of fabricating planar sensor arrays. This 
approach is superior to the sputtering techniques in terms of cost 
'and convenience and .s suitable for preparing, not only planar 
electroc es but other gc oraetries as well e.g., wire electrodes. The 
objectives of this wort, were to investigate for "the' 'first time the 
use of iiese anodic t lectrodeposited iridium oxide films as a 
coating for pH sensor electrodes and to realize for the first time 
the reiruired sirnultaueous extracellular pH, K + , and lactate 
measurements for canliac physiology studies using the AEIROF 
pH and the previously described K + and lactate electrodes. 6 
The results show the usefulness of the AEIROF as a reliable pH 
sensor and the versaliury of this approach to prepare planar and 
wire simsors. Resul's obtained for in situ extracellular pH 
- measurements in- a s\/ine heart and during no-flow ischemia in 
an isolated rabbit papillary muscle are presented. Brief results 
for the first simultaneous extracellular potentiometric pH and 
and ariperometric Uctate measurements in ischemic rabbit 
papillary muscle are j. resented as well. 

EXPERIMENTAL t SECTION 

Materials and Reagents. Iridium tetrachloride of 99.95% 
purity ind graphite mds, 3.05 mm in diameter of Ultra F purity 
were purchased from Alfa (Ward Hill, MA). Platinum wire, LO 
mm in diameter, of purity, oxalic acid dihydrate, Nafion 
solution (5 wt 5&), :ind 4^(2-hydroxyethyI)-l-piperazineethane- 
sulfonic acid (HEPES) were purchased from Aldrich Chemical 
Co. (Milwaukee, WI) All other chemicals were of the analytical 
reagert grade. *A11 solutions were prepared with water from a 
Bamstead Nanopure II system. 

Ap paratus. A Pr.nceton Applied Research model 363 poten- 
tiostat/galvanostat wis used for the controiled-current deposition 
of the iridium oxide layer. A Princeton Applied Research model 
175 umversai programmer was coupled for potential scanning 
experiments. Unlesi- otherwise stated, all potentiometric mea- 
surements were mad: at room temperature in an air-conditioned 
laboratory at 22.5 i 0.5 °C using either an Orion ion analyzer, 
mode! EA 920, or an Orion pH/mV meter (model 720 A) 
connoted to a data acquisition system controlled by an IBM- 
compsiubie 486DX-3c computer. Hie software used for the data 
handling was written by C. Mundt at North Carolina State 

(25) Yiimanoka. K.Jpn.J. AppL Phyc 1989, 28. 632-637. 
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University, using the labVIEW for Windows development System 
(National Instruments, Inc.). As a reference electrode, a double- 
junction Ag/AgCl electrode (Orion model 9002) was used 
throughout the in vitro measurements. The outer compartment 
of the reference electrode was filled with 10% KNO3. 

Wafer Fabrication. Our standard procedure 4 for the fabrica- 
tion of sputtered circular disk gold electrodes on flexible polyimide 
Kapton substrates was modified for the platinum electrode 
fabrication. This change is caused by incompaU*bflity of Tl/Pt films 
with wet etching procedures. A lift-off step in combination with 
negative photoresist was used for the patterning of the metal 
instead of a positive system for wet etching of Cr/Au films. 
Changing to a negative photoresist allows us to employ the same 
phototools for the photoresist exposure (UV lithography) as 
before. After sputtering 30 nm of Ti, followed by 200 nm of Pt, 
the patterned layer of photoresist underneath the two metal films 
was removed by submerging the wafer in acetone. The same 
photodefinable polyimide as described before* served as a top 
encapsulation layer to define the electrode sites and bonding pads. 
All electrode substrates were fabricated at the NSF Engineering 
Research Center for Advanced Electronic Materials Processing 
and the Biomedical Microsensors Laboratory, which are both 
located at North Carolina State University, Raleigh, NC. 

Wire Electrodes. Platinum wire, 1.0 mm in diameter, was 
cut into pieces (10 mm). Each piece was connected to insulated 
copper wire, and the active tip (—2 mm) was defined using Teflon 
tape. Epoxy was not used in order to avoid contamination of the 
electrodeposition solution. 

Anodic Electrodeposition of Iridium Oxide Him. Anodic 
electrodeppsition of iridium oxide film was performed according 
to the method described by Yamanaka. 25 The deposition solution 
was prepared as follows. A 75-mg portion of iridium tetrachloride 
was dissolved in 50 mL of water. The solution was magnetically 
stirred for 30 min. A 0.5-mL aliquot of aqueous 30% hydrogen 
peroxide solution was added, and the resulting solution was stirred 
for 10 min. A 250-mg portion of oxalic acid dihydrate was added, 
and the solution was stirred again for 10 min. The pH of the 
.solution was adjusted slowly to 10.5 by addition of small portions 
of anhydrous potassium carbonate. The resulting yellow solution 
was covered and left at room temperature for 2 days for 
stabilization. The anodic deposition was performed on the 
sputtered Pt disk electrodes and platinum wire electrodes. A Son- 
diameter Pt mesh was used as cathode. The recommended 
current density (0.16 mA/cm 2 ) for electrodeposition on indium- 
tin oxide electrodes 25 proved to be inadequate for platinum. No 
deposits were observed after at least 20 min. However, a current 
density of 0.5-1 mA/cm 2 gave a blue deposit on sputtered 
platinum within 3 min. Deposits obtained by 6 min of deposition 
at 1 mA/cm 2 proved to be adequate. To complete the construction 
of the pH electrode, a 0.25-/xL aliquot of S% Nafion solution was 
deposited onto the electrode surface and air-dried for 10 min. The 
electrodes were individually cut and connected to electrical wire 
using conductive silver epoxy (Epoxy Technology) and heated at 
100 a C for 1 h. The electrical connection was then insulated with 
silicone rubber (Dow Corning 3140 RTV). The electrodes were 
conditioned in tris buffer, pH 7.0, for 2 days to stabilize the 
potential readings. The construction of the planar electrode is 
shown in Figure 1. When Pt wire was used as electrode support, 
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IB AEI tOF £3 Nafioo 
Fig lire 1 . (A) KapiDn-based planar single electrode. The edge was 
tape-ed to facilitate tie electrode implantation in the myocardium. (S) 
Layi- f structure of tf e AEIROF-based planar pH electrode. 

the deposition was carried out for 8 min at a current density of 2 
mA' cm 2 . The elec rodes were coated with Nafion by dipping into 
5% -Jafion solution twice. The electrodes were allowed to dry 
betveen the two coatings. Heat treatment and conditioning were 
the :same as descri :>ed for the planar electrodes. 

j: H Measurem ints. The electrodes were evaluated for their 
pH responses in a series of buffer solutions in the pH range 2-10. 
The buffers were p -epared by dropwise addition of 1 M solutions 
of rICl and NaOH to universal stock buffer solution having the 
• following composit on: 5 mM potassium hydrogen phthalate, 5 
mM potassium dih> drogen phosphate, 5 mM tris(hydroxymethyl)- 
amiaomethane, 2.5 mM Borax, and 100 mM NaCL Calibration 
curves covering only the physiological pH range were constructed 
by titrating 0.1 M phosphate buffer with 1 M HCi and 1 M NaOH 
betv-een pH 6 and 5. The reproducibility of the pH responses in 
the j)H range 2-9 vas evaluated by changing the pH, randomly, 
by addition of 1 M HCI and 1 M NaOH to a tris buffer with 100 
mM NaCl ion background (15 mM tris(hydroxymethyOamino- 
methane-140 mM NaCl]. The pH values of all buffer solutions 
wen; determined with a calibrated Orion pH Ross electrode 
(moid 81-02). 

Electrode Self ctivity. The selectivity of the AEIROF pH 
elec rode was assessed under conditions relevant to the physi- 
ological applications. The iridium electrode, along with the Ag/ 
AgCl double-junction reference electrode, was immersed in well- 
stirred 45-raL volume of 0.1 M tris buffer adjusted to pH 7.0 with 
HCI. After potential stabilization, a 5-mL aliquot of 1 M solution 
of NaCl, KC1, UC1, NH<C1, or CaCl 2 prepared in 0.1 M tris buffer, 
pH 7.0, was added. The changes in miUivolt reading were 
recorded. The effects of ascorbic, uric, and lactic acids were 
eval-jated similarly using 0.1 M stock solution of ascorbic acid 
and lithium lactate prepared in 0.1 M Tris buffer and adjusted to 
pH ' T .0. Milky suspension of 0.1 M sodium urate was obtained 
by brief sonication. The effect of dissolved oxygen was evaluated 
by 2. lowing potenthd stabilization in tris buffer containing 100 mM 
NaCl as backgrour d. Nitrogen gas was bubbled for 15 min and 
thei: stopped for another 15 min. The potential readings were 
observed during cl ranges of the oxygen tension. 
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Measurement of Extracellular pH in Ischemic Whole 
Swine Heart All animal preparations were performed in ac- 
cordance with accepted guidelines for the care and treatment of 
experimental animals at the University of North Carolina at Chapel 
Hill using established methods. 28 - 3 Domestic swine (» = 2) 
weighing 30-35 kg were prepared for these studies using surgical 
and instrumentation techniques similar to those in a previous 
report 29 The animals were tranquilxzed with Ketaset (20 mg/ 
kg) and anesthetized with pentothal (25 mg/kg). A deep surgical 
plane was maintained using a-chloralose (25-50 mg kg~ l h~ l ). 
Mechanical ventilation and supplemental oxygen were supplied 
via an endotracheal tube and a Harvard ventilator. Monitored 
arterial blood gases were adjusted at the ventilator to maintain 
p0 2 > 80 mmHg, pC0 2 of 35 -45 mmHg, and pH of 7.35-7.45. 
The heart was exposed via a median sternotomy and suspended 
in a pericardial cradle. The left anterior descending (LAD) 
coronary artery was dissected free from surrounding tissue 
. midway along its length at a branch-free site and fitted with a 
polypropylene ligature. The extent of the ischemic zone was 
identified and marked by briefly occluding the LAD. The animal 
was heparinized (1000 units) and atriaHy paced (100-120 bpm). 

The planar pH electrodes to be used for in situ measurements 
were glued back-to-back to Kapton-based Ag/AgCl reference 
electrodes. The reference electrodes were of the same diameter, 
Le., 1 mm, and prepared from sputtered gold electrodes by 
electrochemical silver deposition and chloridization. As many as 
10 pH electrodes were installed via plunge techniques to a 
midmyocardial depth (5-10 mm), well within the center of the 
ischemic region (>10 mm), at the border zone of the identified 
ischemic boundary and at the normal zone. Immediately prior 
-to-insertion.- electrodes -were calibrated in vitro- using- 0;i M 
phosphate buffer solutions, pH 8 and 6, containing 100 mM NaCl, 
respectively. The electrodes were recalibrated at the conclusion 
of the experiment following electrode removal. Following a 50- 
min stabilization period after electrode placement, each heart was 
subjected to four regional ischemic episodes of 10-rain duration, 
separated by 50 min of reperfusion. Ischemia was induced by 
tightly securing the ligature around the LAD. The pH data were 
digitally collected following amplification (xlO) and analogue 
filtration (0-1 Hz at -1 dB). Extracellular pH values were 
calculated for each electrode using its calibration slope and initial 
systemic pH values (IL blood gas analyzer). Data collection was 
suspended 10 min after reperfusion. 

Measurement of Extracellualr pH of Ischemic Rabbit 
papillary Muscle. The experimental technio\ie was described 
previously in detail™ In brief. New Zealand white rabbits {n = 
6) were anticoagulated with heparin (200 units/kg, iv) and 
anesthetized with sodium pentothal (40-50 mg/kg, iv). In each 
case, the heart was rapidly excised and arrested in cold Tyrode's 
solution. The atria and left ventricle (LV) free wall were removed, 
and the left ventricular septal surface of the tissue was pinned to 
a wax plate. The septal artery was cannulated with a small 
polyethylene catheter and perfused with a modified Tyrode's 



(26) Klebcr, A. G. Cue Res. 1983, 52, 442-450. 

<27) Caacio, W. E.; Yan, C.-X.; Klebcr. A. C. Crc As.1990. 66. 1461-1473. 

(28) Johnson. T. Engte. C. U Boyd. L M.; Koch, G. G.; Gwinn. M.; Gettcs 
L S. Citxuiaiion 1991. S3. 622-534. 

(29) Fta. W. F.; Johnson T. Graebner. C. A.; Gettes. L Sl Circulation 1985 
72, 922-931. 



perfusate. For each h-art, restoration of perfusion required less 
than 5 min. The per usale was pumped by a peristaltic pump 
(Digi-Saltic, Masterfli x, Barrinjjton. ID through a custom-made 
membrane gas exchanger in which partial pressures of 0 2 , N 2 . 
and C0 2 of the perfusa e were controlled The pH of the perfusate 
was monitored by a gkss pH electrode positioned in the perfusion 
tine before entering th ? septal artery. The relative amount of COj 
was adjusted in the nemhrane gas exchanger to yield a pH of 
7.40. The temperature of the perfusate was maintained between 
36.5 and 37.5 °C. Ii.traarterial pressure was maintained ap- 
proximiitely at 45 mml !g by adjustment of the perfusion flow rate. 
The perfused tissue preparation was secured in a custom-designed 
experiEiental chamber. 7 . 

The longest muscli: was chosen, attached by its tendon to a 
piezore:;istive element (SensoNor, Horton, Norway), and stimu- 
lated at 2 Hz through ;i platinum wire attached at the tendonous 
end. T.ie chamber was closed, and the preparation was sur- 
roundec by a humidifie d atmosphere. The pC0 2 of the recording 
chamber atmosphere was adjusted to match the pC0 2 of the 
perfusa:- In this way, he extracellular pH of the papillary muscle 
could bu modulated in order to test . the AEIRQE pH electrode. 
Change? in extraceDul ir pH were also measured during no-flow 
ischemic which was produced by withdrawing 0 2 from the 
chamber- and arresting How. Forty-five seconds prior to the arrest 
of flow, the atmospher? in . the recording chamber was changed 
from a mixture of CO^ N 2 , and 0 2 to a mixture of C0 2 and N z . 
The volume fractions of 0 2 and C0 2 in the recording chamber 
were measured using i gas analyzer. The 0 2 contamination of 
the recording chamber atmosphere during ischemia was <6 
mmHg lor each experiment 

A planar pH electrode was brought "into contact with the muscle 
surface, and a minialire Ag/AgCl reference electrode, AgCl- 
saturated 3 M KC1, wiu a flexible barrel (Cypress System, Inc.. 
Lawrence, KS) was positioned at the septum. Whfle the muscle 
was perlused, the elec rude was allowed to stabilize. Ischemia 
was induced as described above. The muscle was allowed to 
recover ; or 30 min befo *e another ischemic event was attempted. 
The magnitude of exlra :eflular acidosis was monitored by record- 
ing the »:hange in the enf with time after arrest of flow and after 
reperfusion. Perfusate solutions based on bicarbonate and HEPES 
buffers vere useu\ When HEPES was used, the electrode was 
calibrated in situ by perfusing the muscle by the end of the 
experiment with two HEPES buffers of pH 6.9 and 6.4, respec- 
tively. "VThen bicarbona e-based perfusate was used, the electrode 
was calibrated by chanjdng the pH of the perfusate by adjusting 
the pCO:; in both the hi lg and the experimental chamber. 30 The 
referena: pH was measured by a Ross glass electrode placed in 
the perfusate stream beUeen the gas exchanger and the chamber. 

Simultaneous Meaiiurements of Extracellular pH, K + , and 
Lactate in Ischemic Rhbit Papillary Muscle. The preparation 
of the isclated perfused papillary muscle was as described above. 
Planar AiIROF pH electrodes were used for pH measurements. 
Potassium electrode use d was a miniature polymeric ion-selective 
electrodu, prepared as c escribed previously. 26 - 27 The conducting 
salt-base:! amperometric lactate electrode developed in our labora- 
tory 6 wasi used for extrai ellular lactate measurements. The active 
part of this elecrode wss reduced by 40% (L8 x 1.5 mm vs 3 * 

GO) Casck. W. E.; Yan, C- C; Weber. A. G. Grc Ra. 1992;7ft 409-422. 
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Figure 2- Cyclic voltammogram of the ABROF on graphite: 0.5 M 
sulfuric acid, SO mV/s. 
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1.5 mm) to fit smaller papillary muscles with typical dimensions 
of 1 mm (diameter) and 4 mm (length), and to improve access to 
the muscle for the other ion-selective electrodes. The cavity that 
contained the conducting salt and the enzyme was reduced by 
60%. Consequently, the amount of the enzyme mixture solution 
used was proportionally reduced. The performance characteristics 
of the miniaturized electrodes are the same as those reported 
previously. 6 Perfusate solution based on 10 mM HEPES buffer 
was used for these experiments. The electrodes were calibrated 
in situ, at the end of the experiment, by perfusing the muscle 
with two standard solutions of compositions 8 and 16 mM K + . 3 
and 6 mM lactate, and pH 6.9 and 6.4, respectively. The standards 
were made using the perfusate solution. The miniature Ag/AgCl 
reference electrode was used as a common reference for all three 
electrodes. The K* and pH measurements were made using a 
custom-made high-input impedance differentia] amplifier. A 
Princeton Applied Research model 363 potentiostat/galvanostat 
was used for the amperometric lactate measurements. The signal 
output of each electrode was measured using a separate chart 
recorder. 

RESULTS AND DISCUSSION 

Anodic Deposition of Iridium Oxide. The solution used 
for electrodeposition is an alkaline iridium (IV) solution containing 
oxalate, which prevents iridium precipitation in the alkaline 
medium by complex formation. Yamanaka 25 reported that the 
mechanism by which Ir0 2 was formed involves anodic oxidation 
of the oxalate Ugand to C0 2 with concomitant deposition of iridium 
as iridium<IV) oxide at the anode. The AEIROF showed the 
characteristic electrochromic behavior of kOi? In the present 
work, the nature of the AEIROF was further proved as I1O2 using 
cyclic voltammetry. Cyclic voltammograms of the AEIROF, 
deposited on graphite electrode (5 mA/cm 2 for 10 min), obtained 
in a 0.5 M sulfuric acid solution showed the characteristic 
reversible redox behavior of the activated iridium electrodes, 31 * 32 
as shown in Figure 2. Unlike graphite electrodes, deposits 
obtained on platinum electrodes tend to crack during CV experi- 
ments. CV experiments were performed during the preliminary 
investigations only to confirm the nature of the AEIROF, and 

(31) Mozota, J.; Conway, B. E Eledochuru Acta 1983, 2fl. 1-8. 

(32) Conway, B. £.; MoioU, J. Sltctruchim. Acta 1983. 23, 9—16. 
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Figure 3. Typical p Dtentiometric response of the AEIROF electrode 
to a :«eries of univen ai buffer solutions after 2 days of conditioning. 
(A) Wire electrode: (El) planar electrode. (C) Potentiometric response 
of a p lanar electrode to changes in pH obtained by random additions 
of 1 \li HQ and 1 M iteOH to tris buffer containing UO mM NaCl as 
.background electron te, after continuous soaking in tris buffer for 30 
days The inset shov s the titration of 0.1 M phosphate buffer around 
the physiological rarge using "a wire electrode. 

becaise it does not have any role in the electrode fabrication, all 
the .JiEIROF electrc des on platinum were used directly without 
CV !xperiments to avoid damaging the pH-sensing layer. Al- 
though the color of the deposit may vary from blue to purple or 
ever, deep green, ti e performance of the electrode was found to 
be insensitive to small changes (±20%) in the deposition condi- 
tions, such as depos ition time and current density, as long as the 
AEIROF was complete and uncracked. Typically, deposition for 
6 m:n at a currer t density of 1 mA/cm 2 was found to be 
satisfactory, 

Analytical Performance. No significant difference was found 
in the response of > ore and planar electrodes. All the following 
results were obtaired with planar electrodes unless otherwise 
state! The AEIROi r electrodes showed linear responses in series 
of universal buffer solutions (UB) in the pH range between 2 and 
10, as shown in Ftg are 3. The linear response indicates that the 
different anions present in the UB do not have an adverse effect 
on tie pH responst , at least at comparable concentration levels, 
of the AEIROF electrodes. This presents an advantage over the 
polymeric-based pll electrodes, which cannot be used in the 
presence of the ccmmonly used phthalate buffers due to the 
extraction of the lipophilic phthalate into the polymeric mern- 
brar..2S. The AEIROF electrodes showed a near-Nernstian re- 
sponse of -63.5 ± * .2 mV/pH unit after 2 days of conditioning in 
tris 1: uffer, pH 7.0. * "his slightly super-Nernstian behavior is closer 
to the Nernstian re iponse reported for IrO-j electrodes prepared 
by thermal treatmer t aw or reactive sputtering 10121 than the super- 
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Nernstian (70-90 mV/pH unit at 25 °C) response reported for 
hydrous iridium- oxide films prepared by potential cycling. 14 - 16 The 
linear response implies that a two-point calibration, as typically 
made with a glass electrode, would be sufficient. After 1 month 
of continuous use, the electrodes showed a small reduction 2.5 
± 0.8 mV/pH unit in the calibration slopes. After the initial 
equilibration period, the observed potential drift was about 0.2 
" mV/h at the physiological relevant pH of 7.0. 

The hysteresis of electrode response was assessed in two 
different ways. The electrodes (« = 10) were soaked for 10 min 
in UB of pH 2, 10, and 2, respectively. The hysteresis of the 
potential response was very small. Le., 2.5 i 0.6 mV. On another 
experiment, the electrodes (n = 6) were soaked in tris buffer, 
and the pH was randomly changed by addition of HQ and NaOH 
in the range between 2.5 and 9.5. The generated calibration 
curves showed correlation coefficients of 0.9987 ± 0.0005. Finally, 
the reproducibility of the electrodes around the physiological 
range was determined by titrating 0.1 M phosphate buffer in the 
pH range of 6-8 using HC1 and NaOH. The. obtained correlation 
coefficients were 0.9996 ± 0.0002. These results suggest that the 
AEIROF-based pH electeodes can be used for pH measurements 
when an accuracy of ±0.02 pH unit is sufficient Of course, the 
accuracy may be better when the electrodes are exposed to 
chemically similar samples in a narrower range of pH than we 
studied here, e.g^ a 1 pH unit range usually encountered in 
cardiovascular research. This accuracy is much better than values 
reported far some other iridium oxide electrodes. 17 

The response time of the Nafion-coated AEIROF pH electrodes 
is fast and is quite sufficient for the present cardiovascular 
applications. Regardless .of the pH,^ about 80% of the response 
was observed within 5 s after the pH step. However, complete 
response (±0.5 mV) is somehow pH dependent, Le., 0.5, L5, and 
1 min for pH steps in the pH regions <5, 5-7, and >7, 
respectively. A similar behavior was observed by others for 
Nafion-coated sputtered IrO? electrodes. 18 

The selectivity studies showed that none of the tested cations, 
Le., Na*, K + , NE, + , Ca 2+ , and Mg 2 * had an adverse effect 
on the potential response at the physiological relevant pH of 7. 
Because lactate ion is formed during ischemia, the effect of its 
presence on the potential response was tested and proved not to 
show interference. Redox interference is a known problem for 
metal oxide electrodes. However, iridium oxide is the most 
advantageous in this respect Biologically relevant redox systems, 
such as ascorbic and uric acids and dissolved oxygen, were tested 
in the present work. There is no interfering effect observed for 
ascorbate or urate. The effect of dissolved oxygen was investi- 
gated by observing the potential change of the pH electrodes (n 
= 10) soaked in tris buffer, pH 7, before and after N 2 bubbling. 
The decrease in the potential readings after 15 rain of N 2 bubbling 
was about 2-3 mV. A glass electrode immersed in the same 
solutions showed an increase of pH by about 0.03 pH unit, 
probably due to the removal of dissolved C0 2 by nitrogen 
bubbling. This result shows that dissolved oxygen has a minor 
interfering effect on the electrode response. This is a crucial point 
for cardiovascular applications investigating the physiology of 
ischemia, hypoxia, or anoxia because of the dramatic changes in 
oxygen tension during the experiments, e.g., normal perfusion 
(p0 2 % 150 mmHg) and ischemia (p0 2 s 6 mmHg). This is a 



significant advantage of the present simple approach to construct 
metal jxide pH sense rs over the recently described metal oxide— 
carbon ink pH eiecrode. 24 which suffers from severe redox 
interference. 

Be«:ause the primary application of the newly developed 
electrc des is in vivo n .easurements of extracellular acidosis during 
ischemia in swine heart, the pH electrodes (« = 6) were soaked 
in heparinized swine blood for 6 h. This is longer than a typical 
experiment Their n sponses were then observed in blood in the 
range of 6.5-7.6 by addition of HC1 and NaOH. The electrodes 
showed very good senility after blood contact and retained their 
slope -values and linear range. 

Th«a-e is one more advantage offered by metal oxide electrodes 
over die polymeric p ri electrodes for measurements of extracel- 
lular cardiac acidosis. It is known that ischemia is accompanied 
by a dramatic increase in C0 2 (from 35 to 200 mmHg) tension, 
which can diffuse through the polymeric membrane to the inner 
hydrotrel layer and lewer its pH value. This error possibility was 
eUrnniated with mete! oxide electrodes. 

Measurement oV Extracellular pH in Ischemic Myocar- 
dium. In normal atrobic metabolism. thereLis a- close balance 
between H* production and its buffering, such that intracellular 
and e3itraceilualr pH "alues remain nearly constant. 33 - 34 However, 
under conditions of ocygen deprivation. e.g.. significant reduction 
or arrest of coronary blood flow, this balance is significantly 
disturl>ed, and intrac tflular pH declines from values around 7.2 s5 
to 6.3 3,; or even S.7. 37 [he net accumulation is mainly attributed 
to loss of oxidative pr osphorylation and the generation of protons 
as a consequence of anaerobic glycolysis. 

In ihe present work, the presented data were intended to show 
the ndiability of tha developed' electrodes to participate in 
cardiovascular physinlogy studies that require measurements of 
the exxacellular pH i.i different preparations, such as swine heart 
and 2. .Serially pernu-ed rabbit papillary muscle. Despite the 
relathr.ily large numb it of previous reports by others for construc- 
tion a.' iridium oxidt pH electrodes, no significant applications 
have been presented H ~ ?1 To our best knowledge, this is the first 
attempt of application of an iridium oxide pH electrode to 
physk logical preparations. Figure 4 shows data obtained from 
three ilifferent electrodes implanted in normal (nonischemic) and 
in the margin and center of the ischemic zone during 10 min of 
regional acute ische:nia during an initial occlusion. Data from 
these representative electrodes are shown only for clarity of 
representation. No significant pH change was detected in the 
normal zone. The ex :ent of acidosis is much greater in the center 
of the ischemic zom , about 1 pH unit at the end of the 10-min 
period of ischemia. Fhe marginal zone showed a smaller extra- 
cellular acidification and a slower onset of acidification, with a 
delay }f about 3 min in comparison with the central zone. This 
can tx; explained by tie diffusion of C0 2 , which is generated from 
bicarbonate upon exlracellular acidification. As shown in Figure 
4D, trie magnitude o * acidification measured by the electrode, in 
the center zone, is ;.bout 0.1 pH unit less than that measured 



(33) Li.. S.; Piwnica-Wor.na, D.J. Gen. Physiol 1990. 95, 1247-1269. 

(34) Vi.jhy. P. L/. Mol. UU Cardiol 1979, U. 933-940. 

(35) Rcos, A; Boron, W. :. Intracellular pH Rev. 1981. 62. 296-434. 

(36) Ojrie, L H. Grc Res 1976,38 (Suppl t). S2-74. 

(37) Ja:obus. W. E.;TayU r. C. U Hotlis. D. P.; NunnaUy. R. L Mature (London) 
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Figure 4. Extracellular pH recordings from three single planar pH 
electrodes Implanted in the normal nonischemic zone (A) and in the 
margin (8) and center (C) of the ischemic zone during the first 
ocdusion, and the same electrode in the center zone during the 
second occlusion (D). The corresponding implantation sites of these 
electrodes and the ischemic zone (dark area) are shown in the inset 
sketch. 



during.the first occlusioiT This respbnsi"is^typi3 of pH changes 
measured from the center of the ischemic zone during sequential 
occlusions. 29 

Figure 5 shows the extracellular acidosis during first and 
second episodes of no-flow ischemia in two different isolated rabbit 
papillary muscle preparations. The muscles were perfused with 
a solution containing 10 mM HEPES buffer at pH 7.4 before 
arresting the flow and after reperfusion. In this case, the initial 
extracellular pH value is determined by the pH value of the 
perfusate. The extent of acidosis measured during ischemia is 
greater than that observed with perfusate based on 25 mM 
bicarbonate buffer (data not shown) because of the lower capacity 
of HEPES buffer. 38 The shape of the curves is similar to that 
presented in Figure 4 for whole heart This behavior is expected 
for acid accumulation during ischemia and its wash out during 
reperfusion. 29 For bicarbonate-based perfusate, the initial extra- 
cellular pH is controlled by changing the matched pC0 2 levels in 
the gas exchanger and the experimental chamber. Figure 6 shows 
the corresponding changes in the extracellular pH by changing 
simultaneously the pC0 2 level in the gas exchanger and the 
experimental chamber 10-fold during continuous perfusion. Both 
the on-line glass electrode and the planar AEIROF pH electrode 
showed the expected 1 pH unit change. 

The planar pH electrode shows an initial faster response due 
to the immediate changes in the pC0 2 in the experimental 
chamber which cannot be detected by the glass electrode placed 
on line midway between the gas exchanger and the experimental 

(38) Yan, G.OC; Kliber, A. G. Circ Ra. 1992,77, 460-470. 
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Ftguro 5, Extracellular pH recordings on the surface of the papillary 
musclii using a planar pH electrode during the first and the second 
episoo 2s of no-flow kichemia. The short and long episodes cor- 
respor j to two differen; animals. Perfusate solution (pH 7.4) contained 
10 mlV HEPES buffer. "Tie upward arrows indicate restoration of flow. 
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Figur« 6. Extracellult .r pH recording on the surface of the papillary 
muscle using a planar ; H electrode during continuous perfusion. The 4 
pCOs h: vel in the gas e (changer and the experimental chamber was 
step changed as indicated. The dots represent the pH changes of 
the perusate obtained with the on-line glass electrode. 



chamber. This explair s as well the faster equilibration of the glass 
electrode to the pH changes in the perfusate coming from the 
gas exi: hanger than tl e planar pH electrode placed downstream 
on the :nuscle surface AEIROF wire pH electrodes were shown 
to be unsatisfactory .'or studies where the pC0 2 level in the 
chamber is not zero or at least is constant. This can be explained 
by the cylindrical nature of the pH-sensitive part of the wire 
electroiie, which touches the muscle at one side and is exposed 
to the atmosphere inside the chamber at the other side. In such 
a way. the response is dictated by the C0 2 rather than the 
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Figure 7. Simultaneous extracellular measurement of pH (A), 
lactate (3), and K"* (C) during first ischemia {n = 3) and reperfusion 
of ventricular rabbit papillary musde. (D) A real trace of the intraarterial 
perfusion pressure during one episode. 

extracellular pH because it dissolves in the aqueous film covering 
the active tip and influences the pil measurements. Apparently, 
this will not be a limitation for use of wire electrodes if they are 
implanted inside the tissue, e.g., the whole heart muscle. 

(39) Vandenbem, J- U Metcalte, J. C; Grace A. A. Cite Res. 1993, 72. 993- 
1003. 



Simultaneous Measurements of Extracellular pH, K~, and 
Lactate in Ischemic Rabbit Papillary Musde. These measure- 
ment:- were limited, it this stage, to the papQlary muscle prepara- 
tion because the lact ate sensor 5 was designed specifically for this 
preparation and it is not suitable, in the present form, for 
implantation in the * hole heart Figure 7 shows the extracellular 
acidoiris and extrace lular K + and lactate accumulation during the 
first 10 min of no-flow ischemia in ventricular rabbit papillary 
muscle. Data were < btained from three different muscle prepara- 
tions perfused with perfusate buffered with 10 mM HEPES. 
Arreting arterial flew reduces the intraarterial pressure to zero 
and initiates ischemia. Conversely, reperfusion was associated 
with :he rapid restoi ation of the intraarterial pressure as shown 
in Figure 7D. The /ariation of changes in pH, K + , and lactate 
between experiment is attributed to known animal-to-animal 
variaL on. The oven 11 changes of these values are in accordance 
with iirevious reponed values for comparable ischemic periods 
in this preparation.* ^ These data represent the first simulta- 
neous measuremen; of extracellular pH, lactate, and K + in 
ventricular tissue diring no-flow ischemia. As shown in Figure 
7, the time course of changes in pH and lactate concentration are 
similar during ischenia. In the absence of bicarbonate, such a 
relationship is expected, because sarcolemmal H 4 * efflux is 
expected to be dept ndent primarily on lactate transport 39 Ex- 
trace! ular K + accumilation is smaller than lactate by comparison 
during 4 min of ischc mia. After 10 min of ischemia, the difference 
between K* and lzctate accumulation narrows. This single 
obser /ation suggest ; that a stoichiometric relationship does not 
exist l>etween K + and lactate efflux during ischemia. This unique 
combination of spedicaDy designed electrodes for concurrent use 
"in the' isolated arteruHy perfused papillary muscle will be used- to 
investigate the relationships of K' f H\ and lactate efflux during 
ischemia. 

CONCLUSIONS 

The new AEIROF has excellent pH response characteristics. 
As such, the pH electrodes are well suited for application in 
cardiovascular investigations. Integration of the AEIROF pH 
electrodes and polyi leric Kr electrodes on much smaller planar 
array:- for cardiac ionic mapping is in progress. Different 
materials, such as s ainless steel, platinized gold, and graphite, 
are n.:.w being testec as alternative substrates for the AEIROF to 
provide greater flexi rility for pH electrode design. For example, 
tubulir pH electrodes can be easily constructed from a stainless 
tube. In addition, a] .plication of the AEIROF to the platinum tip' 
of a nultiterrninal electrode catheter is being developed for 
contiruous measurements of intravascular pH and 0CO2 in 
patier.ts. 
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Abstract 

Potentiometric ion-sensitive planar microclectrodc arrays, and amperometric enzyme-:ontaining biosensors were fabricated by 
photolithographic microelectronic technology on a flexible polyimidc substrate. The stu-ps of the imcroclecrronics processing are 
summarized m more detail than previously described. The ion-selective electrodes were ler ed in blood serum, whole blood, and in the 
hamstring muscle of anesthetized rabbits. Tbc test and performance characteristics of planar pH are emphasized, and IC * , Na * , and Ca 2 * 
data are included in this review. New applied results arc presented from expaiments where the electrodes have been implanted into an in 
Mius^ 0 ** nS heart * lhc midniyocardiaI dcDth in ordcr t0 monitor H* and K* cl ranges during the course of coronary anery 

—-a..".-' ■■ - '■ 
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L Introduction 

Recently, wc reported on the. fabrication techniques and 
analytical performances of microelectronicaJIy fabricated ion 
sensors formed on flexible polyimide supports of Kapton (Du 
Pont) [1-5]. New sensor designs were tested using pH-sensitive 
PVC (polyvinyl chloride) membranes, cast from conventional 
and different modified PVCs, and incorporating various 
lonophores (tridodecylamine or phenoxazine derivatives) and 
plasticizers. lonophores and ion exchanger compositions for 
K*, Na*, and Ca 2 * arc reported in the earlier references. In 
addition, these membranes have been subject to biocompat- 
ibiiity studies [5-7], Membrane optimization was carried out 
with macroeiectrodes with a massive internal solution contact. 
In the optimization procedure, beside the general anaJytical 
performances of the electrodes, some crucial membrane 
characteristics (eg., response times, resistances) were followed 
with tune. This article is mainly a review of our published 
development and characterization of flexible sensors. New 
results are described where our electrodes are applied in a 
beating porcine heart to follow changes m the proton and 
potassium concentrations during induced ischemia. 
- Results on the electrode behavior in "hostile" environments 
showed that modified PVCs (aminated PVC, carboxylated PVC, 
hydroxylated PVC) are beneficial as matrices compared with the 
usual high molecular weight PVC. The excellent adhesion 
properties of aminated and carboxylated PVC (PVC-NH 2 and 
PVC-COOH, respectively) to the polyimide surface are a 
decisive additional advantage, which is crucial in planar 
microelectrode fabrication [8-14]. The variation of the analy- 
tical responses and biocompatibility with the plasticizer type 
and quantity in the membranes has received considerable 
attention. In general, biocompatility is improved if the 
membrane contains as -little plasticizer as is possible as far as 
ion motion (low membrane resistance) and the maintenance of 
Nernstian potentiometric slopes are concerned [6, 7]. 

The microfabrication of reliable, reproducible, flexible, 
Kapton-based multi-membrane enzyme-containing ampero- 



metric biosensors has .ilso recently been achieved [15]. The 
technology is essentially the same as developed here for 
potenriometric season. 



2. Experimental 



2.1. Wafer Fabrication and Electrode Site Preparation - 
Potentiometric 

The fabrication seqieace is based on integrated circuit 
technology and is illustrated in Figure l. The steps involved in 
the manu facture of pis oar electrodes on a flexible Kapton 
support are not simple [I ]. The flexibility of the Kapton support 
{important in cardiology) gave rise to a number of difficulties 
during microelectronics processing. The Kapton wafers often' 
became seriously bent due to differences in the dilation 
properties of the subsequent layers laminated on one another 
at different temperature. Accordingly, the flexible sensor 
support w.is shaped on i hard silicon wafer (Fig. la) by spin 
coating a lS^tm layer of polyimide (DuPont PI 2723 photo- 
definable polyimide) onto it (Fig. lb). The silicon is only used as 
a substrate during fabrication to maintain wafer pianarity 
through lithography and high -temperature processes- The 
polyimide. layer serves a; the substrate for the finished array. 
This polyimide layer is patterned (Fig. 1c) according to the end 
user's requirements (see examples in Fig. 2) to define the borders 
of the array. A 200 A lay.;r of chromium and a 2000 A (200 nm) 
layer of gold are evaporar.co>qnco the patterned polyimide (Fig. 
la). The gold serves as a conductor while the chromium is used 
as an adherion layer. Next the metals are patterned to- define the 
electrode sites, bonding areas, and connecting wires. A layer of 
photoresist is spun octo the wafer (e) and a standard 
photolithography process is used to pattern it (f) to form a 
mask over the metal we want to retain on the wafer. The gold 
and chromium are cherrically etched (g) and the photoresist 
removed (h). The metal si rip left on the silicon wafer is used for 
layer-to-laj er alignment j^urposes and will not be a part of the 
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Fig. I. The steps involved in the manufacture of planar electrodes (see details in the text). 



finished array. A 30 jan layer of polyimide is spin coated onto 
the wafer (i) and patterned Q) t0 define the borders and opening 
for the electrode sites and bonding areas. Approximately 2 
of silver is electroplated onto the sites (k) -and a -thin silver 
chloride layer is ciectrochcmicaily deposited on top of it (1). A 
thin (approx. 50 pan) layer of HEMA (2-hydroxyethyl metha- 
crylate) containing 4% photo initiator (2,2-dirnethoxy-2- 
phenyl-acetophenone) is cast onto the wafer (m) and selectively 
polymerized under UV (ultraviolet) light.. The HEMA that is 
not polymerized is rinsed away with methanol, leaving hydrogel 
dots (poly-HEMA) on the electrode sites (n). After the hydrogel 
is soaked in a buffer solution (for at least 15 min in pH 7.00 Tris 
buffer solution containing 0.14mol/L NaCl), an ion-selective 
membrane cocktail based on polyvinyl chloride is dropped onto 
each site (o) using a World Precision Instrument nano liter 
injector (A203XVY). This is allowed to dry and the entire 
structure is floated off from the silicone substra te.(p). At present, 
this final step is manual. To place the entire fabrication scheme 
under automation, the membrane layers are now screen printed, 
although this processing had not been completed at the time of 
writing. Some structures are shown in Figure 2. 

The polyimide can be floated off from the silicon substrate by 
keeping the wafers in 90-95'C aqueous electrolyte solution for 
several hours. Since the borders were patterned in the polyimide, 
the structure comes off as individual arrays ready for connection 
and use, rather than as a wafer of arrays. With the present 
design, 24 nine-site arrays (216 electrodes) are fabricated on 
each 3-inch (75 mm) wafer. 

A number of one- and two-dimensional arrays have been 
fabricated as biopotential probes. Any of our flexible electrodes 
are biopotential probes at the exposed gold level, i.e., they can 
be inserted to measure the Galvani potential of a phase, as inert 
electrodes are generally used in the fourpoint probe experiment. 
However, we have found that the time constant for the 
establishment of any potential change is longer for inert and 
blocked electrodes such as gold, iridium, tungsten, and platinum 



compared with Farad; dc reversible electrodes. Our best example 
is an ion-selective prol>c prepared by terminating the processing 
at the soaked poly-HEMA stage using Ag/AgCl over gold. 
When -uese-electrode; are .used in media of constant chloride 
activity, the biopotential measurements are exceedingly rapid. 
The inert electrodes arc commonly used in cardiology and it is 
not clear whether interferences from variable levels of dissolved 
oxygen gas cause errors, although, in principle, these inert 
ciectroccs should be sensitive to any variations in the oxygen 
pressun:. Examples of various shaped electrodes are shown in 
Figure J. The wire connections were made by using commer- 
cially available, themally activated bonding strips (Nippon 
Graphhe Industries, Heat Seal Connectors, Shiga Ken, Japan). 
Silicone rubber was applied over the entire bonding area to 
insulati; all wire exposed to water, as well as to add mechanical 
stability. 




jcm tan PoitpmtM cr Ml Burnt eoujjtt mj a$Q poly-HEMA, noatfUtf pvc 



Fig. 2. Layer structures of various Kapton-based wafers and planar 
electrodes. 
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Fig. 3. Design of Kap ton -based microelectrode arrays and test structures 
(lower left) used for biomedical applications. 



2-Z Wafer Fabrication and Electrode Site Preparation - 
Amperometric 

Fabrication of the amperometric Kapton wafers follow the 
same procedure up to the evaporation of gold onto the 
substrate. In this case, using two- or three -electrode potentio- 
static control circuits, one site serves as Che Ag/AgCI reference 
electrode. However, the two working electrodes (redundant or 
differential use possibilities) are platinum-plated. The remaining 
gold electrode is the conventional auxiliary electrode. The 
circular openings are generally 1 mm in diameter and exposed to 
the sample. Prior to plating, the Au electrodes to be platinized 
are cleaned by anodizing at 4/iA for 20 s. Then Pt is 
galvanostaucally deposited, using a current of 150/xA for 
2min (current density 19.1 raA/cm 2 ). An example of an 
amperometric electrode substrate is shown in Figure 3. 



3. Results and Discussion 

3.1. General Response Characteristics 

Based on the primary importance of pH-monitoring in 
cardiology, the new planar sensors were first tested with H"" 
ion-sensitive membranes. As shown previously, the planar pH- 
sensors exhibited a nearly theoretical response, excellent 
selectivity coefficients, appropriate long-term stability, and 
reproducibility [1—4], The only disadvantages we faced with 
the electrode construction were the long "break-in" (soaking) 
time before high stability readings were achieved, and some 
potential drift following large concentration changes (more than 
one decade). This problem has now been solved in a detailed 
study [5]. 

However, the construction of the new sensor arrays allows us 
to detect a variety of ions at the same time when the active 



E 




pH^ 

Fig. 4. Potimtiometric resp >nses of a Kaptoo-based pH electrode (1.0- 
mxn diame*rr) in the extend id physiological pH range during 90 days of 
continuous, soaking in pH * .0 buffer and/or in use. 



sensor areas are coated with membranes sensitive to different 
ions, or to follow ionic io homogeneities (across lateral zones in 
the heart; by applying the same membrane to several sites. 
. According y, planar electrodes with potassium- and calcium- 
sensitive membranes w< rc also prepared. The only important 
difference in the fabricat on of K" 1 "- and Ca 2 * -sensors compared . 
with planar pH sensors is that the latter was cast from animated 
PVC wail? PVC-COOE was used as the membrane matrix to 
prepare the K*- and Ca :+ -sensitive membranes. The potassium 
and calcium sensors incorporated valinomycin or BME 44 and 
ETH 20OI as ionophorci, respectively. They exhibited excellent 
stabilities after a 24 h conditioning period (drift < OJ mV/h for 
120 h in p ft 7.00 BES bi ffer). The slope values (tested regularly 
for 45 days) measured with electrodes of 0.25-mm active site 
diameter were found to je nearly theoretical (58.1 ±0.8 mV/pK. 
or 28.9 ± 0.8 mY/pCa, respectively) in the physiological range. 
In general, their analytical performances achieved or 
approached the featunr of macroelectrodes with a massive 
internal solution, and having the same membranes. 

Figure 4 shows the ra ently observed response of a pH planar 
sensor (Ag/AgCI reference elements of 0.5-mrn diameter) in 
the physiological pH ntnge during a 90-day soaking period. 
The long-term stability of the electrode was measured by 
periodic calibration in buffered solutions of pH 6-9. A small 
drift in thi offset vo!tag«: (£°) was found within 90 days, which 
correlated with the small drift at any pH value. The shift in the 
offset vokagc was much smaller than previously reported [1, 2J. 
This improvement in th: long-term stability for the calibration 
plots is .-nost likely cue to the three-fold application of 
the membrane cocktail on each Ag/AgG-poly-HEMA site in 
order to increase the amount of membrane material. An 
improvement in the electrode's lifetime was observed. As 
shown in Figure 4, the poteotiometric slopes of the electrodes 
based on ETH 5294 (a phenoxazine derivative) did not change 
significantly during 90 lays of continuous aqueous solution 
contact (slope - 59.0m //pH with standard deviation (SD) — 
0.48 mV after 20 days of soaking; slope - 58.1mV/pH with 
SD = 0.8".! mV after 90 .lays of soaking). 
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. Fig- 5. Potential response ofa macro glass and three planar pH sensors in 
a whole Wood sample. The pH values indicated were determined by a 
blood gas analyzer. Left Potential-time recordings before and after 
artificial pH changes induced by adding I mol/L HO or 1 mol/L NaOH 
to the sample. Right: Correlation of the potential data measured in the 
whole blood sample (and shown on the left) with the glass and three 
planar electrodes. (Slopes from the top: 0.986. 0.983 and 0.979, 
respectively.) 

Further testing included the use of blood serum of known pH 
and [51. - 



3.2. In Vivo Calibrations 

Since the planar sensors have been designed for appli- 
cations in living tissue, it is important that they be evaluated 
under these conditions. As a preliminary test of sensor 
performance under in vivo conditions, the planar pH sensors 
were intramuscularly implanted in the hamstring muscles in 
the legs of two anesthetized, adult, female, New Zealand white 
rabbits. Anesthesia was induced and maintained using : j ntra *_ 
muscularly injected ketamine and xylazine, and studies were"" 
performed for 3 fa- The hamstring muscles were exposed through 
a small skin incision, and two 4-mm long stab wounds were 
made in the muscle parallel to the fibers. The poiyimide-based 
planar pH sensors were slid into these wounds. An approxi- 
mately 6-mm incision was made in a similar fashion in the 
muscle nearby and a laboratory combination glass electrode 
(5-mm diameter) was placed in this wound to serve as a standard 
against which the new sensors could be compared. The external 
reference electrode of the glass electrode serves as a reference 
for the planar pH-sensors as well. Cannulae were placed in 
the femoral artery and vein of the contra lateral leg. These 
were used to obtain small arterial and venous blood samples 
that were analyzed in a clinical blood gas analyzer, so that 
the tissue pH could be compared with the central circulation 
value. 

An endotracheal cannula was also placed through a 
tracheostomy and connected to a ventilator. This was used to 
modify the animal's blood and tissue pH by changing the 
tidal volume and breathing rate. The induced blood pH 
changes were determined from time to time by the blood gas 
analyzer using arterial blood, and were followed continuously 
by the planar sensors and the macro glass electrode (see Figure 
5). It is seen that the new sensors track the response from the 
glass electrodes, and the total potential change corresponds 
nicely with the calculated values based on the pH changes 
measured with the blood gas analyzer. The expected values 
were calculated on the basis of the pH values measured at 
the beginning and at the end of the enframed section and 
assuming a Ncmstian slope. A range of potential change is given 
due to the limited reproducibility of the blood gas analyzer. 
However, due to the small differences in placement of the 
electrodes (planar vs. glass) within the muscle tissue, in addition 



to the weil-recognizet. pH difference between the capillary blood 
and tb.2 arterial or v mous blood (arterial pH changes precede 
' changes at the tissut level), the accuracy of the correlation is 
limitec. 



3.3. Ii:. Vivo Measurements in Porcine Hearts 

Pigs weighing 28-38 kg were used in these studies. After pre- 
medication with ketamine (10-15 mg/kg), anesthesia was 
indued with thian^ylal sodium (25 mg/kg) and maintained 
with -alpha chloros: (30 mg/kg h). Ventilation via an endo- 
tracheal tube was orovided by a Harvard respirator set to 
maintiin the arterisl oxygen saturation at equal to or greater 
than i>5%, the carbon dioxide pressure between 35 and 45 mm 
Hg, and a pH of ''.35-7.45. Catheters were placed into the 
femoral artery and vein for blood pressure monitoring and 
venoi:s and arterial >lood sampling. After a median sternotomy, 
the htsirt was suspended in a pericardial cradle and epicardial 
pacin ; wires were sutured onto the surface of the right atria and 
conm-cted to a Medtronic pacemaker. The left anterior 
desce ading coronary artery (LAD) was dissected free from the 
epicanlial surface listal to the second diagonal branch and 
ligated with a thin silastic snare at a point where the zone of 
ischemia, identifiec by transient pressure on the LAD, was 
deem=d large enoug h for placement of the planar pH electrodes. 
Thes«: electrodes wsre inserted to a depth > 4 mm through a 
small, shallow epirardial slit. . Data were accepted only from 
clectiodcs demonstrating pH sensitivity within 10% of the 
theoretical (see Figure 6). The serum pH before and after 
coronary occlusion was determined using an IL Inc. whole blood 
gas analyzer. Extracellular hydrogen ion concentrations, 
' expnssed as pH, were calculated individually- for each. electrode 
usinji; the calibration slope for that electrode, the pre-occlusion 
serum pH, and tb: millivolt changes produced during the TQ 
segment (i.e., diastole) of the electrocardiogram by each electrode 
throughout the course of a coronary ligation lasting 6-8 min. 



3.4. Application for pH and pK + Change Data 

It is well-known that acute myocardial ischemia often leads to 
impulse conduction slowing cardiac arrhythmias, ventricular 
fibrillation, and si ddea cardiac death. Although sudden death 
oca.xs most ofter. in individuals having recognized ischemic 
heart disease, une;. peered cardiac arrest is the first manifestation 
in a.bout 20% c * all patients. While the individual events 
assc dated with acute ischemia that culminate in sudden death 
have been well established and extensively studied, the precise 
prerequisite cond.tions that precipitate sudden death are not 
understood. In sp te of extensive physiological, electrochemical, 
and metabolic research, we remain uncertain as to why 
approximately 25% of acutely ischemic hearts spontaneously 
and unpredictable develop arrhythmias leading to ventricular 
fibrillation and tie other 75% do not Most researchers agree, 
however, that altered impulse conduction velocities (e.g., 
reentry circuit formation) arc most likely involved. Recent 
stmiies have in- Heated that ionic conditions (specifically, 
hyejogen and potassium) have profound effects on impulse 
conduction [16, 17]. , „ ^ 

The cardiac im juIsc is actually a serial coordinated ceu-to-ceii 
me-nbraae depolarization. This depolarization has both fast 
(Nji*) and slo v (Ca 2 *) channel components. The fast 
component of membrane depolarization can be deactivated 
under high extracellular potassium concentrations, while the 
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Fig. 6. Placement of two pH and two KL* planar sensors (active size area 
af OJ-mm diameter) in the in siru porcine heart preparation at 
nudmyocardial depth (upper panel), and the recorded fall in the pH 
and increase in K + activity, respectively (lower panel), during 8 rain of 
acute ischemia produced by transient occlusion of the LAD. 



slow component of depolarization can be deactivated by low 
extracellular pH. Both ionic events are lenown to occur during 
acute ischemia in animal models, and both arc known to 
occur heterogeneously, e.g., different variations in different 
places [18]. Both ionic alterations axe known to occur either 
immediately before or simultaneously with the electrical 
abnormalities when hearts of animal models arc subjected to 
the gradual withdrawal of oxygen-rich blood [19]. Given these 
physiological observations, it is reasonable to hypothesize that 
the overall slowing of conduction is precipitated by ionic 
changes associated with acute ischemia, and that the altered 
conduction pathways are a direct result of hetergencous 
depolarizations caused by equally heterogeneous ionic changes 
in K and H . Unfortunately, no direct quantitative evidence 
linking specific hetergeneous ionic and conduction character- 
istics during acute ischemia has been verified, primarily due to 
the sensor limitations. 

Ionic changes were recorded at 15 s intervals during the 
course of an 8-min ischemic period produced by transient 
ligation [20]- In Figure 6 data are shown from two pH and two 



prC"" sensors. Increases n both the H* and K* activities during 
ischemia are followed >y the reestablishment of near-normal 
values in the minutes that follow. 

The close correlatioi of potential data measured in the 
beating hirart with both pH and K + sensors and those obtained 
with a blcod gas analyzer guarantees a reliable measurement of 
H and .£ activities. Measuring the changes in these ionic 
activities in the bearing ] lean with microchemicaJ array sensors, 
with sevei-a! sensing spcts of well-defined geometrical arrange-, 
ments, will heip us to de ermine the role that ionic changes have 
on the genesis of acromial conduction disturbances with 
coronary ■ disease. 



4. Concllusions - 

Microciectronicaily fabricated pH, K*, Na*, and Ca 2 ** 
planar sensors based oi polyimide substrates (Kapton) and 
polymeric membrane compositions demonstrate good analyti- 
cal performances and e:tended lifetimes (up to at least three 
months of continuous sc airing and use). The single pH and 
sensors w«rrc used to monitor the increases -ia ..ion activities 
during aci: te ischemia at several sites in a porcine beating heart. 
Since it is :i desire by cardiovascular physiologists to use flexible 
multielectrodes with well-defined geometries to help describe the 
potential -Lpd ionic distributions in the heart as a function of 
time, our primary objective is to develop practical devices with 
good analytical and poI)meric membrane properties. 
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Thick-film H - and rv-selective sensor arrays based on 
solvent polymeric neutral carrier membranes are de- 
scribed. The sensor array design and construction allow 
inexpensive and mass production of disposable miniatur- 
ized probes useful in the biomedical field, especially for 
cardiovascular research and monitoring. They are also 
suitable for use as multisensor electrochemical detectors 
within modern flow injection analysis instrumentation. 
The carriers used for membrane preparation are H + - 
selecuve ETH 5294 chromoionophore and the well-known 
K -selective ionophore, valinomycin. The preliminary in 
vivo experiments, to monitor IT and K + ionic distribution 
in the beating pig heart, help to detennine the unique 
ionic conduction responsible for ventricullar fibrillation 
in the setting of acute regional myocardial ischemia. 

Microfabricated selective sensor arrays have many advantages 
over conventional ion-selective sensors based on polymeric 
membranes and containing relatively large volumes of buffered 
internal filling solution. i.e., small dimensions, ease of sterilization 
for in vivo monitoring, relatively low source impedance, and 
suitability for mass production^ In recent years, there has been 
considerable interest in the design and development of various 
types of solid-staLe electrochemical sensors in which the polymeric 



(1) Lindner, Cusufret. V. V.; Ufcr. S: Buck. R. P; Kusy. R. P.; Ash. R. B.: 
Nagle. H. T. / Chem, Soc. Faraday Trans. 1993. 89. 361 -367. 

(2) Ytm, H. S.: Kibbey. C £.: Ma. S. C; KKa. 0. NL Uu. 0, Pork. S. B.: Tnrre. 
C. L: Mirverhoff. M. E. Biasens. Bioelectron. 1993. 8, 1-38. 

0003-27OQ/9&0367-1647S9.00/0 © 1995 American Chemical Society 



membranes are ca 5t on solid surfaces with no internal electrolyte 
sob. don. 3 '" 7 These sensors are usually made on silicon and include 
integrated electro lies. Mcrofabrication technologies, such as 
photolithographic eduction, thin-film metalization, chemical etch- 
ing etc, have bten used to produce these probes. 19 These 
sensors have a pis oar twoKiimensional structure. Unfortunately, 
reducing the si*r of the sensor and changing the classical 
me nbrane electro 3e configuration to a planar sensor arrangement 
brcught several problems to light concerning the potential stability 
an-:, reproducibilir/. response time, and lifetime of these sensors. 10 
Riyidity was one of the major disadvantages of the silicon-based 
seizors for in viv ) cardiovascular monitoring. 

Our efforts ha/e been aimed at developing a thin-/thick-film 
processing schene for fabrication of both single sensors and 
sensor arrays foi selective monitoring of ionic constituents in 
bk logical samples. These are Faradaic process sensors based 
or. reversible, not -blocked interfaces. They are also suited for in 
vi'.o measuremei ts of ionic H + and K + changes during induced 
ischemia. 1 -"- 0 There has been a desire by cardiovascular 
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Figure 1 . Nine-site Ag/AgO electrode array used for HW sensors 
construction and cross-section of a recording site. 

physiologists to obtain flexible mulueiectrode probes with well- 
defined geometries to help describe and understand the potential 
and ionic distribution in the heart as a function of time. Recentiy. 
we reported on the analytical performances of rnicroelectronically 
fabricated ion -sensors based , on a flexible ^polyirnide substrate 
(Kapton, Du Pont) ul that can move with the muscle fibers within 
the wall of the beating heart We also showed that these devices 
are useful for in vivo measurements. 11 - 0 Difficult, but solved 
problems include membrane optirruzation,^ 17 reduced precon- 
ditioning time. 18 greater polymeric membrane adhesion to the 
Kapton substrate, Li3 and improved membrane biocompatibffity. 1 ™ 
Tnese were reported in recent publications. Single H + and K + 
planar sensors (diameter size of internal reference element of 0.25 
or 0.5 mm) were acutely implanted into a beating pig' s heart and 
ionic changes recorded and evaluated successfully during regional, 
nonfiow ischemia, 12 -* 3 These sensors performed well during the 
4-5 h of experimentation that included several repeated occlu- 
sions of the coronary artery, and the ionic data collected were 

(11) Lindner, t: CosofreL, V. V. Ufer. S.; Johnson. T. Ash, R N^fe H. 
T^Neuman. M. fc Buck. R. P. Fnseniusf. Anal CW 1993. 346. 5S4- 
588. 

(12) Cosofret. V. V.; Undner. Johnson. T. A.; Neuman. M. R. Talanta 1994, 
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equivalent to that obtain id using other, established techniques. 
These encouraging resur s pushed us in the direction of designing 
and developing Kapton-b ased sensor arrays with nine active sites 
having wsMefined geoi metrical arrangements. These sites con- 
tain selective membrane:; of the same type (H* or K") or different 
type (H + /K + ) in order to allow spatially resolved, in vivo measure- 
ments. 

In thi:; paper, we describe the design, fabrication, and elec- 
troanalytical properties of H*. K*. and HVK* flexible sensor 
arrays wiii prelirninary ipplications in cardiovascular monitoring 
and research. The pote:itiometric properties of these sensors are 
compared with those ol conventional design. 

EXPERIMENTAL SUCTION 

Chemicals and So utions. For all experiments, deionized 
water (Rtrnstead, Nano] >ure II) and chemicals of analyticakeagent 
grade wnre used. Mos: of the products were supplied by Fluka 
AG (Buchs, Switzerland : H + carrier ETH 5294 (chromoionophore 
I No 2TQ86); carri-rr vaunomycin (VAL No. 94675); 2-aifcro- 
phenyl ,:ctyl ether to*P0E. No. 73741); bis(2^thylhexyl) seba- 
cate (DOS, No. 848:3); potassium tetrakis(4-chlorophenyl)- 
borate X-TjClFB, N*». 60591). The materials used for the 
membrane matrix were carboxylated PVC [FVC-C00H with LW 
(w/w) COOH groups, <o. 81395] as well as amraated'FVC [PVC- 
NH 2 wilh 0.7% (w/w) nitrogen], synthesised by Kusy et aL 21 * 

Buffer solutions in the pH range 6-9 were based on a Tns 
buffer vith 140 mM Nl + ionic background [10 mM NaOH + 130 
mM Nii.Cl + 10 mM ris(hydroxymethyl)ammomethanel. The 
pH values of the soluti ms were adjusted by the addition of 1.0 or 
0.1 M HC solution tr the stock buffer solution and monitored 
with a -elective glass < lectrode (Orion, Model 91-57). Potassium 
chiorid? standard stock solution (10' 1 M) was prepared by 
dissolvi ng dried KG in either, distilled water or pH 7.0 Tris buffer 
(see above). The dik ted solutions were prepared by successive 
dilutions of the respective stock solution. Additionally, standard 
soluticK of known ,fl dris buffer) and K+ activities, in the 
physic' ogical range, * ere prepared and used for the simultaneous 
calibration of array st nsors before and after in vivo experiments. 
These solutions contained the same constant Na* iomc back- 
ground (0.14 M) and were of the following values; pH 6.0 + 1.0 
mM K* pH 7.0 4- 4.1 mM K*. pH 8.0 + 7.0 mM K* and pH 9.0 
+ 10.(1 mM The -eported data are corrected for the electrode 
drift, which is less tr an 1 mV during 5-h in vivo experiment 

Miicrofebricatior of Array Sensors. The electrode arrays 
are butch fabricated on a flexible polyimide (Kapton, DuPont) 
subst ate using a cor lbination of thin-film, thick-film, and packag- 
ing technologies. This fabrication is different from previously 
deserted processin The electrode array structure can be 
thought of as polyimi decerned metal-poryimide sandwich with 
openings in the top I iyer of polyimide to define the electrode sites 
and bonding pads. 1 ayers of silver, silver chloride, hydrogel, and 
PVC- Dased ion-seiet rive membrane are deposited over the site 
openings to form th s ion-selective electrodes. This arrangement 
is de leted in Figur; 1. 

Lindner. E: Coso6et. V. V • Ufer. S.; Buck, B. P. Kao W. j.-Ne»on. M. 
IL: Andprsoa. J. M /. BiomerL Meter. Res. 1994. 28. 591-601- 

(20) Cosofret, V. V- U idncr. Johnson. T. A.; Kao. W. J.; Anderson, j. M.. 
] Wm. M. R-: Bi du 8. ?• Mym. Mattr. ScL En S . 1994. 70 CM-Sam 
vlembranes for B medical and Biotechnobgicnl Separ^ons) 137- 038 

(21) <usy. R- Whidc y. j. Q4 Buck. R. P.; Cosofret, V. V • bndner. E. Polymer 
1994 35 214 1—' W7. 
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Sci Utt. 1994. 73.849-851. 
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Figure 2. Fabrication sequence of planar electrode arrays (lor details, 

The fabrication sequence is illustrated in Figure 2, where both 
top and cross-sectional views are shown for each step. The pattern 
in the figure is a simplification of a current test structure design 
and represents either two seven-site linear arrays or 14 discrete 
electrodes, depending on how they are cut out and used A 
drawing of the three photomasks required for this design is shown 
in Figure 3. Note that the drawings in Figures 1-3 are not to 
scale. 

Fabrication begins with a solvent cleaning of a 3 in. square 
by 5 x IfH in. thick Kapton Glm. The film is placed in a frame 
to hold it flat, and a 200-A layer of chromium followed by a 2000-A 
layer of gold is sputtered onto it (Figure 2a). The chromium acts 
as an adhesion layer between the polyimide and the gold. A 
standard photolithography process is used to pattern the metal 
layers and to define the electrode sites, bonding pads, and 
connecting traces. First, a L.5-«m layer of positive photoresist 
(J5R. Inc., 1 x 700 10CP) is spin-coated onto the gold (Figure 
2b). This photoresist is selectively exposed through the first 
photomask (or master) to 365-nm UV light (Figure 2c). This 
photomask is an exact pattern of the desired metal (Figure 3a) 
and thus blocks the light from the areas of the photoresist directly 
above the metal that will remain. The photoresist is developed 
by submerging the film in a commercial developer QSR Inc., 
PD526) so that the areas exposed to the UV light are chemically 
removed (Figure 2d). Next, the film is submerged in a solution 
that selectively etches the gold over chromium or photoresist (1 
part iodine:4 parts potassium iodide:40 parts deionized water) until 
the gold is cleared aud then submerged in a commercial solution 
(containing perchloric acid) which selectively etches the chro- 
mium without attacking the gold or photoresist until the chromium 




see texti. 

is ciea-ed. The phctoresist is removed from the metal by 
subrnetging it in Mmethyl 2-pyrolidone. leaving a patterned metal ~ 
layer oi the Kapton sibstrate (Figure 2e). 

A 3»>-,«m thick lay !r of photodefinable polyimide (Du Pont, 
PI272L is spin-coated onto the film. It is selectively exposed to 
365-nm UV light thro igh the second photomask (master) after 
alignini: this photomask with the patterned metal layer underneath 
(Figurt 2f). This phctomask is a pattern giving locations of the 
openings for the eUctrode sites and the bond pads in the 
polyimde (Figure 3b). The photodefinable polyimide is spin- 
developed by spraying a developer solution (6 parts 4-butyrolac- 
tone:4 parts xylenes) followed by a solvent rinse (xylenes) onto 
the polyimide while i! is spinning until the areas not exposed to 
UV light are removed (Figure 2g). Two micrometers of silver is 
electroplated onto the gold sites from a t% (w/v) potassium silver 
cyanid; solution and .ihnut 25% of this silver is electrochemically 
converted to silver cMoride in 0.1 N HC1 (Figure 2h). 

A layer of 2-hydr jxyethyl methaerylate (HE MA) monomer 
contakiing 4% (w/w? photoinitiator (2.2-dimethoxy-2-phenyiac- 
etophenone) is cast mto the film over the Ag/AgCl sites and 
selectively polymerized through the third photomask using 365- 
nm UV light (Figure :!i). This photomask is UV transparent only 
in the areas where tie HEMA is to be polymerized and opaque 
clsewi-ere (Figure 3r). The HHMA that is not polymerized is 
removed in a series t f methanol rinses, leaving hydrogel domes 
appro:- imately 50 tim chick only over the sites (Figure 2j) . Figure 
4a sho.vs a photograph of a Kapton wafer with 30 electrode arrays, 
each ton taining nine ctive sites of Atf/AgCl + poly-HEMA. This 
is uscl to fabricate on-sensor arrays (Figure 4b) of biological 
interest. A u,moso ropic heal sea! connector, which is very 
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(0 



Figure 3. Schematic of photomasks required for electrode micro- 
fabrication. 



lightweight and has excellent flex characteristics, is used for 
electrical connections. 

Polymeric Membranes and Selective Electrodes. The 
sensor arrays used in this study, selective to H + and K\ 
respectively, were made on Kapton wafers. The procedures for 
fabrication of the Kapton wafers, wire connections, and electrode 
site preparations are described in the previous section. Each 
active site contains a thin-layer film of poly(hydroxyethyl meth- 
acrylate) (poly-HEMA) . which was cast onto the wafer and 
selectively polymerized under UV light The electrodes containing 
poly-HEMA were first soaked for 2 h in the proper electrolyte 
(10- J M KC1 in pH 7.0, Tris buffer). Following a brief washing 
with distilled water and gentle blotting of the surface, the 
appropriate ion-selective membrane cocktail (0.25 //L) was applied 
above the active area using a 0.5-;<l Hamilton microsyringe. The 
membrane solutions had the same compositions as described in 
previous papers, au and they consisted of ETH 5294, o-NPOE, and 
PVC-NH 2 (for pH sensors) and Val, DOS. and PVG-COOH (for 
K + sensors), respectively. In both cases, the membrane solutions 
were made in tetrahydrofuran and contained K-T^CIPB as lipo- 
philic salt additive. After complete evaporation of tetrahydrofuran 
(THF), used to dissolve the membrane components, an additional 
membrane layer was applied (0.25 /iL). All the prepared elec- 
trodes were kept in air overnight They were subsequently 
hydrated in a pH 7.0 Tris buffer solution containing 4.0 mM K" 
and 0.14 M Na" for at least 24 h before use. When not in use, 
the electrodes were stored in the same solution. 

emf Measurements. Electrochemical cell voltages were 
measured at room temperature in an air-conditioned laboratory 
at 22.5 ± 0.5 °C with an Orion pH/mV meter (Model 720A) 
connected to a data acquisition system controlled by an IBM- 
compatible 436DX-33 computer. The software used for data 
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Figure 4>. Kapton-oasec micro electrode wafer containing 30 sensor 
arrays. ei.cn of nine active sites (a) and a single nine-site H + /rC 
selective iensor array wi ft wire connections (bj. 

handling was written >y C. Mundt of North Carolina State 
University', using die Lai VIEU* for Windows development System 
(National Instruments. I ic). As a reference electrode, a double- 
junction A«/AgCl (Orici i Model Wwrj) was usrd throughout in 
in vitro n.icasiirem*Mns. The solutinn in tht* miter compartment 
nt the ret .Tence el^ctrof e consisted of UJ M lithium acetate. For 
in vivo measurements. ? he- ninth site Avr/AvrCl /poly-HEMA was 
used as reference senior. 

Selecivity Coefficients. The selrvtivity coefficients for 
mentbrare sensor arrays were determined by the fixed interfer- 
ence method using pH bunvr >oluiiim> wiih constant canonic 
background (pH electr >di:s; see rri's n ami l»>) and by the 
separate rolution cttvihcu at M.l M concern rathtn level."- 3 The mean 
acriviiy i- u'tTieients wer • I'lilcuhieil uith \\w i-ximded Debye— 
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Huckel equation, 24 and the measured emf values were corrected 
for changes in the liquid junction potential according to the 
Henderson equation. 24 

Determination of the Internal Membrane Resistance. The 
internal resistance of the potentiometric cells was determined by 
the voltage divider method using known shunts. 25 - 26 For both pH 
and potassium electrodes, the cell voltage was first measured in 
pH 7.0 Tris buffer containing 4.0 mM K*. Next, the cell output 
was loaded for 10 s by high-resistance shunts and the internal 
resistance of the potentiometric ceil was calculated from the initial 
voltage, the voltage drop, and the shunt resistance. 

In Vivo Measurements with Planar Sensor Arrays. The 
experiments were performed with pigs weighing 28-38 kg (for 
details, see refs 12 and 27). Serum pH and K* before and after 
the coronary occlusion were determined using a whole-blood gas 
analyzer (Instrumentation Laboratories, Inc.) and an ion analyzer 
(AVL, Inc.), respectively. Extracellular H + and K + activities were 
calculated individually for each electrode from the array using 
the calibration slope for that electrode, the preocclusion serum 
K* activity, and potential changes fin mV) produced at the time 
of the TQ segment in the electrocardiogram by each electrode 
throughout the course of a coronary ligation lasting 6-8 min. Data 
. were collected, after 45 mm of implantation, with a custom-made 
data amplification system 77 containing 128 channels in conjunction 
with a 12S^manneI, multiplexed A7MKM6F5 A-D (National 
Instruments, Inc.) running under Lab Windows CVI (National 
Instruments, Inc.). Data were accepted only from electrodes 
demonstrating H* and K* sensitivities within 10% of a temperature- 
corrected theoretical Nernstian slope. Indeed, insertion of elec- 
trodes, regardless of size or construction material, leads to cellular 
currents of injury, evident by an offset potential at the electrode: 

one can be assured that all extraneous K* or H + artifact has been 

eliminated. 

RESULTS AND DISCUSSION 

Our main efforts were directed toward design and fabrication 
of H + and K + microsensor arrays for cardiovascular applications 
by using the advantages of the existing semiconductor and 
microelectronics technologies. We have already addressed two 
sources of response instability (drift) arising from thermodynamic 
effects, regardless of the size and shape of the sensor. 17 However, 
by reducing the size of the sensor and by changing its configu- 
ration from a conventional one (classical membrane electrode with 
internal filling solution in direct contact with selective membrane) 
to a planar sensor arrangement, several other problems have to 
be overcome. Among these, the following are of great impor- 
tance: (a) a shortage of chemicals in the selective membrane that 
may shorten the lifetime of the sensor (this follows from the 
decreased membrane volume); (b) the increased internal mem- 
brane resistance that follows from the reduction of membrane area 
and consequent instability or noise in potential measurements; 
and (c) by decreasing the overall dimensions of the sensor, and 
particularly the active area, the contact surface between the 
substrate (Kapton wafer) and the sensitive polymeric membrane 
also decreases dramatically. In other words, the adhesion 
between the microfabricated wafer and the selective membrane 
often becomes the limiting factor of the lifetime of the sensors. 

(25) Ocsch, IL Simon, VV. Anal Chem. 1980 52, 692-700. 

(26) Amman n. D.; Pretsch. E.: Simon. \V\: Lindner. E_: Beiegh, A>; Pungor. E. 
Anal. Cliim. Acta 1985, 171, 119-129. 

(27) Johnson. T. A.: Engle. C. L; Kusy. R. P.; Knisley. S. B.: Graebner. C. A.: 
Genes. L S. Am, J. Physiol. 1990. 258, H1224-H1231. 



In the present work, s*e used the accumulated knowledge and 
experience with singi<-disk ion-selective electrodes for H+" and 
K\ whi^i already demonstrated good analytical properties with 
respect to sensitivity, leiectivity, response time, and lifetime in 
aqueoui; and biologica samples. 1 * 11 " 13,17 " 19 These were success- 
fully us':d in H* and K* determination in whole blood 18 and in 
prelimiir^ry in vivo ca •diovascular experiments, 11 " 13 Our main 
objective is to fabricate small and flexible pH and K + sensor arrays 
to determine the uniqu; ionic conditions responsible for ventricu- 
lar fibriLation in the selling of acute regional myocardial ischemia. 
On the basis of prior \rork, 27 ' 33 we believe that occlusion of the 
left anterior descending coronary artery (LAJD) produces discrete 
regions in which extracellular potassium is elevated to ap» 
proximately 10 mM, b it pH is lowered by no more than 0.2 pH 
unit A:; a result of thr ; specific ionic combination, slow-c hann el* 
mediated responses occur and cause impulses to propagate with 
very slew conduction. Premature beats occuring in close proxim- 
ity to these discrete regions, either as a result of spontaneous 
reentry- 3 - 34 or as a re5 uk of abnormal automau'eity induced by 
current:; of injury, 33 nay then reenter to cause ventricular 
tachycardia and ventricular fibrillation. Further, we believe such 
areas e:tist in the reg ons between the lateral margin and the 
center of the ischemic zone and in subendocarclial layers where 
the grciiter diffusion o: CO2 in comparison with the diffusion of 
potassium allows pH to remain relatively unchanged while 
potassium concentratio 1 rises, thereby creating the ionic combina- 
tion crucal to the dtvelopment of slow<hanneknediated re- 
sponse/ 6 

In order to develop and fabricate stable HVK* sensor arrays 
to address this physi logical hypothesis, two main problems 
related lo the electrode stability and analytical performances were 
overcome: (a) by usir g thermodynamically well defined condi- 
tions to establish potential differences across the membrane/ 
solution interfaces and (b)by finding acceptable adhesion of the 
polymeric membrane 10 the polyimide-coated Kapton surface. 

The first problem was solved by using pory(hydroxyethyl 
methaciylate) dots 01 the top of the silver/silver chloride 
reference element "hese dots were obtained by selective 
polymctization of the j IEMA monomer with 4% (w/w) photoini- 
tiator (2.2-dimethoxy-2 phenylacetophenone) and under UV light 
The pol: r -HEMA is a wc IHcnown swolen material 37 which can easily 
absorb a proper buffer electrolyte containing CI" (see refs 1, 11, 
12. 18, ;md 38). "" 

The second problei 1 was solved by using adequate polymeric 
matrice:. to incorpora' e the chemicals needed for H + and K A 

(2S) Fief, VV. Johnson. ' A.: Graebner. C. A.: Gettes. L S. Circulation 1 985. 
72. II22-933. 

(29) Harjier, J. R_; Johnsor.. T. A.: Engle. C. L: Martin. D. G.: Cettes. L S./. 
Cariliovax. Bectrophyiol. 1993. 4, 561-671. 

(30) Joh: son. T. A.: Carom I. R.: Graebner. G. A.; Buchanan, J. V.: Janse. M. 
Gettss, LS./. MoL CO. Cardiol. 1987. 19. 949-952. 

(31) Joh: son. T. A: Engie. C. L: Boyd. L M: Koch. G. G: Gwinn. Gertes. 
L S Circulation 199 ., 33, 622-634. 

(32) Wiknski. R. L: Tranu n-Jensen, J.: Coronel. R_: Wilde. A. A. M: Flolet. J. 
W. !'.: Janse,;. M. Cl.culatian 1986, 74, 1137-1146. 

(33) Png-vwd. S. M.: Corr. P. P. Ore. Res 1990. B6, 672-69S. 

(34) Kap inski. Ogawa, 3.; Balke. W.; Dreifus. L S. /. Electrocardiol. 1979. 
12, :!99-30S. 

(35) Janse. M. J.; van Caj elltr. F. J. L; Morsink, H.; Kleber, A. G.: Wllms- 
Schnpman. F. J. G.; Ca dinal, R.; Nauman d'AJnoncourt. C.: Durrer. D. Ore, 
Res. 1980,47. 1069- LQ81. 

(36) Cis.-io. W. E.; Van. G X.: Kleber, A. C. Cirt. Res. 1992. 70. 409-422. 

(37) Dav es, M. L: Tighe. 1 J. Selective Electrode Rev. 1991. 13. 159-226. 
(33) Cosufret. V. V.; Erdosy M.: Johnson. T. A.: Buck. R. P.: Ash. R. B.. Neuman. 
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Table i. Potentiometric Response Characteristics nf 
Sensor Arrays on a Flat-Form Design* 



15 



12 



ixv *jnhrane 



parameter 

linear range (pH or mol/U 
slope (mV/decade) 
detection limit (pH or moi/U 
selectivity coeff {—log Kvln) 

Na* 
K+ 

NR.* 
reproducibility* (mV) 



H+-selecdve K^-selecthe 



4-12 
55.9 ± 0.2 
<12 

>10.9 
11.1 
10.5 
11.2 

0.6 



io- l -i<r s 

5&3 (57.7*) ± 02 
4.0 x 10- 6 

4.4 
3.6 

4.6 
1.8 
0.6 



a Based on 25 arrays; the yield of funcuoninj; sensors on an array 
is about 75%; the standard cell potential (£J changed with about 20 
mV during 1 month of measurements or storagr in standard soluuon. 
* In 0.14 M Na + ionic background. c pH 7.0 Tris buffer with 4.0 mM 
and containing Q.14 M Na*. 



sensors, respectively. These are aminated PVC .(FVC-NH-J for 
pH sensors and carboxylated PVC (PVC-COOH) for K* sensors. 
The first matrix incorporates the ETH 529' rT ion carrier and 
o-NFOE as polar solvent piasticker while tl e second one incor- 
porates valinomyrin K + carrier and DOS as a nonpolar plast cizer. 
Our previous studies 1 - 11 - 19 showed that both r.iatrices exhibit good 
adhesive properties to our polymeric substrz te. PVC-NH2 cannot 
be used as a polymeric matrix for K* sensnrs since it has high 
pH sensitivity. PVC-COOH shows ion-exch inge properties and 
these were described and interpreted by theory and experiments 
for H" 1 *- and M* + -sensiove membrane sensor i. 39 In both castes, in 
order to make highly selective sensors, the :arrier concentration 
in the membrane should exceed total avail ible sites due to the 
matrix dissociation and from added lipophilic salt additives, i.e., . 
tetraphenyi borate derivatives. Our earlier d ita 39 suggested a way. 
of detennining fixed-site concentration by observing merr/brane 
compositions where selectivities change dramatically, correspond- 
ing to the approximately equal concentratio 1 of carrier anc sites. 

linear Concentration Ranges, Sensitr ities, and Sdzrfvi- 
ties. Fortunately, both H + and K + membianes did not change 
their linear activity ranges and slopes of t ie calibration curves 
after changing from the classical electrode design, with i. large 
volume of internal bathing solution, to the planar array structure. 

Table 1 summarizes the potentiometric *esponse charscteris- 
tics of H + /K + planar sensor arrays contain ng four H + - aid four 
K + -selective membranes. The ninth site of the array renamed 
uncovered by any selective polymeric membrane since it has been 
designed to be used as a common extern* 1 reference electrode 
for the other eight ion sensors. It contains Ag/AgCl and a poly* 
HEMA layer. Experimental verification of this reference sensor 
design is under way, and the results will b* reported later.- 

The linearity of the calibration curves, a, well as the sensitivi- 
ties, remained constant up to at least 1 nonth of continuous 
hydration and/or use. 

Short-Term Stability of Potential Measurements. The 
potential vs time transients following one de:ade PT or K + activity 
change (response time curves) are slightly different tor the 
conventional macrosensors and the planar microsensors. The fast 
transient signal is generally followed by a s nail driftlike potential 
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(39) CosofrcL V. V.; Buck. R. P.; Erdosy. M. Anai Cliem. 1994, 60, 3592- 
3599. 



Time (days) 

Figure 5. Membrane resistances of pH and sensors placed on 
the same planar Kapton array structure during 7 days of continuous 
use and/or aqueous solution contact. 



change by the planar sensors. The average drift potential for pH 
sensors was found to be 0.25 mV/h (n = 16; SD = 0.09) during 
a 5-h measurement period in pH 7.0 Tris buffer solution containing 
4.0 mM K + . In the same solution and for the same time frame, 
the drift of K + sensors was only 0.09 mV/h (« = 12; SD = 0.07). 
We attribute this difference in the short-term stability of potential 
measurements to small differences in the adhesion of H*-selective 
membrane (based on a polar solvent such as 0-NPOE; €€ c — 23.9) 
vs K+-selective membrane (based on nonpolar solvent DOS, €e 0 
= 3.9). ai9 

It is well-known that a constant composition of thelon-selective 
membrane in the sensor fabrication is a key factor when reliable 
sensors are being developed for acute and chronic biomedical 
applications. 40 The continuous, but fortunately small, potential drift 
in the offset voltage of the electrochemical cells containing the 
H^/K* sensor array is a sign that, slowly, the membrane 
composition is changed over time. The lifetime of these devices 
is now under investigation. Based on our experience with single 
sensors of the same type, structure, and she, we expect to have 
these devices last for about 90 days of continuous use. 

Internal Membrane Resistance. Internal membrane resis- 
tances of H + and K + sensors on a multiple sensing array are 
different because the plasticizer polarities of the membranes used 
to detect H 4 " and K*, respectively, are different Both membranes 
show resistances of less than 10 MS2 in the first day after potential 
equilibration (Figure 5), which are acceptable for direct poten- 
tiometric measurements. The small changes in the membrane 
resistances, observed with elapsed time, are attributed to the 
dissolution of membrane components into the contacting bathing 
solution.-" 5 

pH and Monitoring in Beating Pig Heart. As it was 

described above, different ionic combinations may occur within 
various regions of the ischemic zone (between the lateral margin 
and the center of the ischemic zone). In the center of the ischemic 
zone, potentially lethal ionic changes (Le., elevated extracellular 

without substantial extracellular acidification) should occur 
only transiently because of the rapidity with which potassium rises 
and pH falls in this region during occlusion. 

Unfortunately, until now, no direct quantitative evidence linking 
specific heterogeneous tonic and conduction characteristics during 
acute ischemia has been verified, primarily due to the sensor 
limitations. The data we are presenting in this work are 

(40) Undner. £.; Cosofrct. V. V.; Nahir. T. M.; Buck. R. P. Characterization of 
Stability of Modified Puly (vinyl ch brick) Membranes for Biomedical 
Applications. In Diagnostic Biosensor Polymers: Usmani. A. M., Akinal N.. 
Eds.: American Chemical Society: Washington. DC. 1994: pp 149-157. 
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Figure 6. Extracellular potassium rise se an during regior al ischemia 
in a lagendorfl perfused swine heart scnemia was nduced by 
ligation of the LAD proximal to the secon i diagonal branch on three 
serial occasions for 8 min. followed by 5 2 min of normal perfusion. 
(Recordings from channel No. 21 of the data acquisition system were 
10 mm from the epicardlaJ surface.) 
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(7.5 mm) 
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Time ^min) 

Figure 7. Recordings from channel No. 22 (7.5 nm from the 
epicardial surface). See Figure 6 legerd. 

encouraging. The potentiometric n spouses of H'7K + sensor 
arrays, implanted in an in situ ponine hean preparation at a 
rtudmycx^rdkl depth are shown in Figures 6-8. The extracellular 
potassium data ([K 1 "]* mM) from tl e two electroc-s shown in 
Figures 6 and 7 are typical for trans tional, subendocardial, and 
central, midmyocardial ischemic recordings with regard to the 
rate and magnitude of ionic change ot served during ii min of acute 
ischemia. 28 The rapid recovery to no- mal [K*]« obstrved at these 
two sites during the minutes following flow restoratio a in occlusion 
1 was not seen in either occlusion 2 or 3 since vase spasm of the 
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Figure 8. Four extracellular pH recordings from a single electrode 
site of the array pH electrode during a final 18-min ligation of the 
LAD. Recordings are from the same experimental preparation of 
Figure 6. Electrode distances from the epicardla! surface are shown 
in the legend. 



left anterior descending coronary artery occurred. Further, the 
P H C changes observed for one pH electrode at several. transmural 
sites (Figure 8) is consistent with current hypotheses that suggest 
the possibility of transmural pH and K + gradients, similar to those 
of the lateral margin described above, although the exact 
characterization of those gradients in the Lagendorff preparation 
■is still under investigation. 

CONCLUSIONS 

Microelectronically fabricated HVK* sensor arrays based on 
a polyirnide substrate (Kapton) and containing four proton- and 
four potassium-sensitive sites show good analytical properties 
(linear ranges, slopes of the calibration curves, selecnvities, 
reproducibility, and potential drift). The electrode processes have 
been optimized. The sensor arrays were used to monitor the H* 
and K + ionic changes during acute ischemia at several sites in a 
porcine heart Measuring both H + and activities in the bearing 
heart will help us to understand better the contribution of the 
slow and fast depolarizing channels responsible for normal 
conduction and allow us to determine the role that ionic change 
has on the genesis of abnormal conduction disturbances with 
coronary disease. 
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Limiting Current Enhancement by Self-Induced Redox Cycling 
on a Micro-Macro Twin Electrode 

Tsutomu Horiuchi, Osomu Niwa, Mosao Morita, and Hisao Tabei 
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ABSTRACT 

The current arising from a reversible redox reaction involving soluble species occurring at a microelectrode may be 
increased by moving a large electrode at open circuit close to the microelectrode. This phenomena is readily explained. 
The product of the electrochemical reaction at the microelectrode diffuses the short distance to the nearest part of the 
macroelectrode and alters the concentration of the redox species at this location on the macroelectrode, compared to other 
locations at the electrode surface. In this situation, the macroelectrode behaves as a shorted concentration cell and at- 
tempts to reduce the concentration aberration caused by the reaction occurring at the microelectrode. This is accom- 
plished by producing more of the original reactant for the microelectrode. This, in turn, increases the flux of reactant to 
the microelectrode and, therefore, also the current at the microelectrode. 



Microelectrodes have been well studied because of their 
utilization for detecting materials in a very small area or a 
very small amount of solution (1-10). Microelectrodes have 
the advantages of high mass transport density, small dou- 
ble layer capacitance, and small ohmic losses. Neverthe- 
less, the current flowing through a microelectrode is very 
small, due to its small area. Ensembling microelectrodes is 
one effective way of increasing the magnitude of current in 
order to keep the advantages of the single microelectrode 
with respect to high current density and small ohmic drop 
(11-17). ■ " 

Using two potentiostated, closely spaced microelec- 
trodes shows another interesting characteristic for meas- 
uring reversible redox species. Since each electrode of the 
pair can be potentiostated separately, an electroactive spe- 
cies generated at one electrode can diffuse to the second 
electrode, where it is observed. The diffusion of the redox 
species between the twin microelectrodes takes place 
in a confined space, resulting in a steady-state current. 
Theoretical and experimental approaches have been re- 
ported for closely spaced micro band electrodes (18) and in- 
terd igitated array electro des (19, 20). 

The interdigitatea array eiectrodels one form of twin 
electrodes which exhibits a high sensitivity, 10" 8 mol/dm 3 , 
and fast response time, a few tenths of a ms. This is princi- 
pally due to the fact that large limiting currents can be ob- 
tained with a high S/N ratio, due to the large amount of 
redox cycling between two electrodes (21). Since the limi t- 
ing current of the interdigitated array electrode is in- 
creased by decrea"slngTts~r j andggp , a new veilicali y sep a- 
rated interd igitated array electrode witn a very narrow gap 
J\as been'pro^os^cHo-eTTh^ Ce the limiting Currents' (22 J. 

However, if one electroeXe~~Pl 1 - the intei digitated arr ay 
electrode is not potentiostated, that is, is at its open-circuit 
potential, a peak shaped voltammogram is obtained. The 
peak is small because no redox cycling exists. Since the 
products from the potentiostated electrode diffuse to the 
un potentiostated electrode from both sides, and the diffu- 
sion layer is superimposed, its electrochemical character- 
istics are similar to a single macroelectrode. In this situa- 
tion, the unpotentiostated electrode behaves like an 
insulator. However, if the unpotentiostated electrode is 
very large compared to the potentiostated electrode, it 
seems to take a lot of time to superimpose the diffusion 



layers. Before the diffusion layers are superimposed, the 
microelectrode positioned close to the macroelectrode or 
to the macro conducting plate will show different electro- 
chemical characteristics from that positioned near a macro 
nonconducting plate. " " • ■ ' 

Recently, we proposed a new type of twin electrode 
(Fig. 1), where a microdisk . array electrode is vertically 
separated from a macroelectrode by a thin insulating film 
(23). The characteristic of our new electrode is that the 
macroelectrode area is much large/ than the total area of 
the microelectrodes. The current enhancement at this new 
electrode is caused by redox cycling by the same mechan- 
ism as that for the interdigitated array electrode and mi- 
croband array. 

Surprisingly, there was no reduction of limiting current 
when the macroelectrode was disconnected from the po- 
tentiostat. Similar phenomena have also been reported for 
a tip of a scanning electrochemical microscope (SECM) 



Surface 
Electrode 




Microdisk 
Electrode 



Si02 Insulator 
Si02 Layer 
Si Substrate 

Fig. 1. Schematic diagram of a microdisk array electrode embedded 
in the surface (MDAS) electrode. The disks were arranged in a square 
lattice; the lattice distance, disk radius, and number of disks were 
800 n-m, 5.0 Jim and 100 respectively. The Si0 2 insulator thickness 
was of the order of 0.25-0.3 ujn. 
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Fig. 2. Schematic diagram for the measurement of the voltammogrom 
and potential difference between the cathode of an interdigitated array 
electrode (IDA) and a mocro platinum electrode. 

when it is scanned near a macro conductive surface (24). In 
this paper we explain this phenomena. 

Experimental 

Electrodes.— We prepared three types of electrodes; the 
ordinary microdisk array electrode (MDA), the bi-layered 
microdisk array electrode (MDAS: microdisk array elec- 
trode embedded in surface electrode, see Fig. 1), and inter- 
digitated array electrode (IDA). The MDAS and the IDA 
were used as an example of a micro- macroelectrode pair. 
The IDA is a twin microelectrode, in which the two elec- 
trodes are the same size. We connected an extra platinum 
electrode to the one electrode of the interdigitated ajrrayln" 
order to complete a micro-macroelectrode pairrThis mi- 
cro-macro combination electrode (IDA-Pt) is useful for 
monitoring the charge migration between regions of the 
macroelectrode by inserting a' multimeter, low impedance 
current mode, between one electrode of the interdigitated 
array and the Pt electrode, see Fig. 2. All electrodes were 
fabricated on thermally oxidized silicon wafers by photo- 
lithography. The detailed fabrication methods have been 
described elsewhere (19, 21). The electrode matrix was cut 
to a 1 x 2 cm rectangle. The disks of both types were ar- 
ranged in a square lattice; the lattice distance, disk radius, 
and number of disks were 800 u.m, 5.0 u.m, and 100, respec- 
tively. The surface electrode's area was about 12,700 times 
as large as the total area of the disk electrodes. The inter- 
digi tated array electrode was composed of two senes"5Tin- 
ggjgB^^ the two finger elec- 

trodesjKere^boUi_ 3 u.m; theuTength s^wgj^Xmm. The gap 
and the number of pairs of electrodes were 2 Jim and 50, re- 



spectively. The total area of each electrode was 3 , 
10" 3 cm 2 . 

Chemicals and apparatus.— <Ferrocenylmethyl)trimeth- 
ylammoniumbromide[C 5 H5FeC 5 H 4 CH 2 N(CH3) 3 ]Br, (aq-fer- 
rocene) was used as purchased, Tokyo Kasei. A pH 7.0. 0.1 
motfdm 3 phosphate buffer solution was used for the elec- 
trolyte, NACALAI TESQUE. Electrochemical measure- 
ments were performed using a twin potentiostat HEC'S 
990, HUSO, or DPGS-1, Nikko Keisoku, a potential swe-p 
unit HECS 980, HUSO, or PAR 175, Princeton Applied Re- 
search, a digital multi-meter 177, Keithley, and an X-Y re- 
corder 3025 YOKOGAWA. 

Procedure.— Electrochemical measurements were ear- 
ned out in 1 mmol/dm 3 aq-ferrocene in a phosphate buffer 
solution. Each electrode was mounted on a custom-made 
connecter to attach it to the electrochemical apparatus. 
The auxiliary electrode was a platinum wire. The reference 
electrode was an Ag/AgCl electrode. In the twin potentio- 
stated experiment, the potential of the macroelectrode 
surface electrode of the MDAS, was held at 0 V, whereas 
that at the microelectrode, disk array electrode of MDAS. 
was swept between 0 and 0.7 V at a sweep rate of 100 m V S. 
The cyclic voltammetry of the ordinary microdisk arrav 
electrode and that of the bi-layered microdisk array elec- 
trode with the surface electrode on open circuit was per - 
formed under the same scan conditions. 

A digital multimeter or a 10 M H resistance could be in- 
serted between the cathode of the interdigitated array and 
Pt electrode to measure either the current or the potential 
difference between them while perfonning the cyclic vol 
tammetry, Fig. 2. * 

Results and Discussion 

The voltammogram of the microdisk array electrodes at 
a scan rate of 100 mV/S is shown in Fig. 3. The limiting cu r- 
J^nt^ofthebi-layered microdisk array electrode, two elec- 
' jrodes pot eiillosUled, wa«, laigm th an Uialol the ordina ry 
_micr odisK array el ectrode, becau se Of the" redox cvclr rrg 
~5^twgeTT the microdisk electro de diid the macr o sui T ace 
electrode (21). Although the macro surface electrode in the~j 
bi-layered microdisk array electrode is not connected to a I 
potentiostat, macroelectrode on open circuit, the oxidized ! 
limiting current is much larger than that of the ordinary [ 
microdisk array electrode and is equal to that of the two I 
electrode potentiostated bi-layered microdisk array elec-J 
trode experiment. This result indicates that the microelec -^ 
trode embedded ifT the conducting surface shows~a larger 
limitingjcurrent than that em bedded in j tHe nonconducting 
,surfacejnd_al so suggeststhljTOie^^ " 
^action, reducti ve^ reaction in this case; couig take p'^rp on 
the unpotentidsprteUsTrrrase electrode. 

The fact that limiting current of the bi-layered microdisk 
array electrode is larger thari that of an ordinary microdisk 
electrode with an equivalent electrode area suggests that a 
large amount of redox cycling still exists between the mi- 
. crodisk and maco surface} electrode even when the macro 
surface electrode is not-connected to an external circuit. 



Fig. 3. Cyclic roltammograms of 
the microdisk array (MDA) elec- 
trode and the microdisk array elec- 
trodes embedded in the surface 
(MDAS) electrode, a, The oxi- 
dized current of the MDA elec- 
trode, b, The oxidized and reduced 
current of the MDAS electrode ob- 
tained on the two electrodes po- 
tentiostated. c. The oxidized cur- 
rent of the MDAS electrode 
obtained in surface macroelec- 
trode on open circuit. The scaa 
rate is lOOmV/S. 
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Fig. 4. Mechonism of the current enhancement by the local concen- 
tration gradient, a, Microelectrode placed in non-conducting plate, b, 
Microelectrode placed close to a macro conducting plate, mocroelec- 
trode. 



The species generated electrochemically at the microelec- 
trode forms a local concentration gradient near the macro- 
electrode. This concentration gradient is related to the cur- 
rent enhancement at the "microelectrode^ : 

A hypothesis for the current enhancement mechanism 
of the bi-layered microdisk electrode is illustrated in 
Fig. 4b. The oxidized species produced on the microdisk 
electrodes diffuse to the neighborhood of the macro sur- 
face electrode, Fig. 4b, point A, and forms a local concen- 
tration distribution near the macro surface electrode. The 
concentration of the oxidized ferrocene at point A, is much 
higher than that at point B. In order to maintain the equi- 



librium on the surface electrode, the reductive reaction, 
O -* R, is induced in the vicinity of point A and the oxida- 
tion reaction, R O, is induced in the vicinity of point B. 
The reduced species generated on the surface electrode in 
the vicinity of point A diffuse back to the disk electrodes 
and are oxidized again, Le., self-induced redox cycling is 
established. 

Charge must be conserved for the entire surface elec- 
trode. As a result, current flows in the surface electrode in 
the direction of point B from point A. This situation is 
same as the shorted concentration cell. Because of this si- 
multaneity of the reduction and the oxidation on the same 
electrode, the concentration of the oxidized species is uni- 
form at the surface electrode and the concentration profile 
on open-circuit experiment using the bi-layered microdisk 
array electrode is the same as that on the two electrodes 
potentiostated experiment. 

To support the hypothesis of current enhancement 
mechanism in the bi-layered microdisk array electrode, we 
used a IDA-Pt combination electrode as a model of a mi- 
cro-macroelectrode pair. The one electrode of the interdig- 
itated array that is potentiostated and another electrode 
that is connected to the macro Pt electrode correspond to 
the microdisk electrode and surface macro electrode of the 
bi-layered microdisk array electrode, respectively. By 
using the model system, the current flowing between the 
one electrode of the interdigitated array and Pt electrodes 
can be directly monitored by a digital multi-meter in the 
manner described in Fig. 2. Figure 5d shows the anodic 
current in the combination electrode, when, the potential is 
swept from 0 to 0.7 V. The area cf the Pt electrode is about 
300 times larger than that of the small electrode. The 
anodic current of the combination electrode on open cir- 
cuit, Fig. 5d, is much higher than that of the ordinary inter- 
digitated array electrode on open circuit, Fig. 5c, and is 
equal to that when the two electrodes are potentiostated, 
Fig. 5a. This result is similar to that for the bi-layered mi- 
crodisk array electrode, suggesting that the combination 
electrode can be used as a good model of the bi-layered mi- 
crodisk array electrode. Figure 5e shows the current flow- 
ing between the cathode of the interdigitated array and the 
Pt electrode in the combination electrode. The magnitude 
and profile of this current is similar to that of the cathodic 
current of the two electrodes potentiostated ordinary in- 
terdigitated array electrode experiment, Fig. 5b, except 
for some hysteresis. 

A 10 M O standard resistance was inserted between the 
interdigitated array cathode and Pt electrodes in the com- 
bination electrode to measure the potential difference be- 
tween them when little current can flow. Figure 5f shows 
the anodic current of the combination electrode after in- 
serting the 10 M 11 resistance. This anodic current becomes 
almost equal to that of the ordinary interdigitated array 
electrode on an open circuit, Fig. 5c, indicating that the 
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Fig. 5. Cyclic voltammograms of 
the interdigitated array electrode 
(IDA) and that of a combination of 
the IDA and the macro platinum 
(IDA-Pt) electrode. The scan rate 
is 100 mV/S. Curve a, Oxidized 
current of two IDA electrodes po- 
tentiostated. Curve b, Reduced 
current of two IDA electrodes po- 
tentiostated. Curve c, Oxidized 
current of one IDA electrode on 
open circuit. Curve d, Oxidized 
current of IDA-Pt electrode. Curve 
e, Current from IDA cathode to 
the Pt electrode. Curve f, oxidized 
current of the IDA-Pt electrode, 
with lOMfl resistance inserted 
between the IDA cathode and Pt 
electrodes. Curve g, Potential dif- 
ference of the IDA cathode and 
the Pt electrode using 10 M O re- 
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current enhancement reaction is much reduced by sup- 
pressing the electrons flowing from the Pt to the interdigi- 
tated array cathode with the 10 M O resistance. The varia- 
tion in the potential difference between the Pt and the 
interdigitated array cathode is also shown in Fig. 5g. The 
potential difference starts to increase as it is induced by 
the concentration changes of the oxidized and reduced fer- 
rocene. The maximum potential difference increased to 
0.27 V, which is a sufficient potential difference to bring 
about the oxidation and reduction reactions at the Pt and 
interdigitated array cathode, respectively. 

From the combination electrode experiment, the poten- 
tial difference induced concentration cell effect and the 
shorted concentration cell current were observed directly 
and hypothesis of current enhancement mechanism 
caused by self-redox cycling is confirmed. 

The current enhancement at the micro-macroelectrode 
strongly depends on the area of the macroelectrode. Fig- 
ure 6 shows the limiting currents of the oxidized species 
on the interdigitated array anode, open circles, and the 
current from the interdigitated array cathode to the Pt 
electrode, filled circles, as a function of the Pt electrode 
area normalized by the interdigitated array cathode area. 
Here the cathode area is not the geometrical value, but that 
obtained from the peak current of the cyclic voltammo- 
gram, another electrode on open sircuit, 9.53 x H) * 3 cm 2 . 
The area of the Pt electrode is also obtained from the peak 
current of the cyclic voltammogram. The anodic limiting 
current and the current in the combination, electrode in- 
creases with an increase in the Pt electrode area, and 
achieves the steady values which are equal to the oxidized 
limiting current A, and the reduced limiting current, C, of 
the two electrodes potentiostated interdigitated array elec- 
trode experiment 

On the other hand, the anodic limiting current ap- 
proaches that of the open-circuit interdigitated array ex- 
periment, O, when Pt area is small. These results indicate 
" that' the reoxidation reaction of the ferrocene at theTH elec- 
trode which compensates for the charge consumed by the 
reductive reaction of the ferrocene at the cathode is the 
rate-determining step when the Pt area is not sufficiently 
large. 

Since the currents between the interdigitated array cath- 
ode and Pt electrodes are driven by the potential differ- 
ence between them, the potential difference was evaluated 
by changing the Pt area. Figure 7 shows the potential dif- 
ference between the interdigitated array cathode and Pt 
electrodes as a function of normalized Pt area. Theoreti- 
cally, the open-circuit potential between the electrodes 
does not depend on the Pt area because the concentration 
ratio of reduced and oxidized ferrocene, CVC R , at both the 
interdigitated array cathode and Pt electrode is kept at a 
constant value, if no current flows between the electrodes, 
when the Pt electrode is very far from the interdigitated 
array electrode. 
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Fig. 6. Oxidized limiting current* of the IDA-Pt electrode, open cir- 
cles, and the currents from the IDA cathode to the Pt electrode, filled 
circles, as a function of the Pt electrode area. The area of the Pt elec- 
trode is normalized by the IDA cathode, 9.53 x JO" 3 cm 2 . The scan 
rate is 100 mV/S. 
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Fig. 7. Potential difference between the IDA cathode and the Pt 
electrode as a function of the normalized area of the Pt electrode. 



However, the measured potential difference is increased 
by enlarging the Pt electrode area. This Pt area depend- 
ence of the potential difference between the interdigitated 
array cathode and Pt electrode is caused by the fact that 
the 10 M n resistance allows a very small current to follow. 
This small current increases the Co/C R at the Pt electrode, 
and reduces the CVCr at the interdigitated array cathode, 
therefore, the potential difference between the electrodes 
is decreased. This concentration change is restricted to 
balance the amount of ferrocene reduced on the cathode 
and oxidized on the Pt electrode. When the area of the Pt 
electrode is large, a small concentration change is ade- 
quate for balancing the amount of reduced ferrocene on 
the interdigitated array cathode and that of oxidized ferro- 
cene on the Pt; On the other hand when" the PtaTea if* 
small, a large concentration change is required on the Pt 
electrode. As a result, the potential difference between the 
electrodes is increased by enlarging the Pt area. 

Figure 8a shows the anodic limiting current of the ferro- 
cene at the interdigitated array electrode and at the com- 
bination electrodes as a function of the scan rate. The oxi- 
dized limiting current of the two electrodes potentiostated 
interdigitated array electrode experiment, open squares, is 
steady state, due to the redox cycles between anode and 
cathode, when the scan rate is below 0.1 V/S, equivalent to 
0.316 (V/S) 1 '' 2 . However, it starts to increase when the scan 
rate is higher than 0.1 V/S, suggesting that the steady-state 
concentration profile near the interdigitated array anode 
becomes a diffusion-controlled reaction. On the other 
hand, the limiting current of the interdigitated array elec- 
trode on an open circuit, filled squares, is proportional to 
the square root of the scan rate, reflecting the diffusion 
controlled property. 

When the Pt electrode is large, the anodic limiting cur- 
rents, filled circles, are very- similar to those of the. two 
electrodes potentiostated interdigitated array electrode 
experiment. This suggests that the Pt electrode in the com- 
bination electrode has an electrode area which is large 
enough to oxidize the ferrocene with a higher rate than 
that of the interdigitated array anode. On the other hand, 
in the lower scan region, the limiting currents of the IDA- 
small Pt electrode, open circles, show a similar magnitude 
to those of the one interdigitated array electrode on open 
circuit. However, the magnitude of the currents of the 
IDA-small Pt electrode at higher scan rates becomes much 
higher than those of the one interdigitated array electrode 
on an open circuit. 

The difference between the limiting current in the IDA 
small Pt and that in the interdigitated array electrode in 
the open circuit is also due to the redox reaction on the Pt 
as shown in Fig. 8b. because the current flowing from the 
interdigitated array cathode to the Pt, open circles, corre - 
sponds to the difference between the anodic current of thr 
interdigitated array electrode and that of IDA-smail Pt 
electrode. Since the reoxidation rate of the ferrocene at th» 
Pt electrode is increased by decreasing the electrolyse 
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Fig. 8. Variation in Hie oxidized 
and reduced limiting currents of 
the IDA and the oxidized current 
and the current from the IDA cath- 
ode to the Pt of the IDA-Pt elec- 
trodes as a function of the square 
root of the scan rate. — a, Oxidized 
current of the IDA-Pt, when the Pt 
electrode area is 10 times larger 
than that of the IDA cathode, 
filled circles, and is equal to that 
of the IDA cathode, open circles. 
Oxidized limiting current of the 
IDA measured in two IDA elec- 
trodes potentiostated, open 
squares, and one electrode on 
open circuit, filled squares, b, Cur- 
rent from the IDA cathode to the 
Pt in the IDA-Pt, when the Pt elec- 
trode area is 1 0 times larger than 
that of the IDA cathode, filled cir- 
cles, and equal to that of the IDA 
cathode, open circles. Reduced 
limiting current of the IDA meas- 
ured in two IDA electrodes poten- 
tiostated, open squares. 



time, in other words; by increasing the scan rate, because 
of the propagation of the diffusion layer, the difference in 
the limiting current could be increased by increasing the 
scan rate. 

Figure 8b also shows the variation in the cathodic cur- 
rent of the interdigitated array electrode and the current in 
the large Pt combined electrode. The current in the large 
Pt combined electrode shows good agreement with the ca- 
thodic current in the interdigitated array electrode, when 
the scan rate is low. However, it is much lower than the ca- 
thodic current of the interdigitated array electrode at the 
higher scan rate. Since the two electrodes potentiostated 
interdigitated array electrode shows a quicker response 
than the conventional macroelectrode, the decrease of the 
IDA-Pt current in high scan, rate region may reflect, the 
slow response of the large Pt electrode. 

Conclusions 

An enhancement of the limiting current for the redox 
species was found in a closely spaced micro-macroelec- 
trode pair, when the macroelectrode was not potentio- 
stated. By the voltammetric measurement of the IDA-Pt, 
micro-macro, combination electrode pair, it became clear 
that the current was enhanced by the redox cycling be- 
tween the interdigitated array cathode and Pt electrodes 
induced by the localized concentration gradient. The limit- 
ing current at the combination electrode rapidly increased 
when the Pt electrode area was increased, and reached the 
magnitude of the interdigitated array electrode limiting 
current on two electrodes potentiostated. The potential 
difference between the two ends of a 10 M O resistance in- 
serted between electrodes depended on the area of the Pt 
electrode, because the small current flowing from the in- 
terdigitated array cathode to the Pt electrode decreased 
the difference in the concentration ratio of the oxidized 
and reduced species of both electrodes. The scan rate de- 
pendence of the IDA-Pt limiting currents reflected the 
property of the Pt electrode when the Pt electrode area 
was small or the scan rate was high. 

Manuscript submitted October 26, 1990; revised manu- 
script received July 26, 1991. 

Nippon Telegraph and Telephone Corporation assisted 
in meeting the publication costs of this article. 
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INTRODUCTION 

The interdigitated array (IDA) electrode has been attracting much attention [1], 
because of its microelectrode-like behavior, despite its large electrode area. Wkh- 
dual potentiostated usage [2] it can be used to make highly sensitive and fast 
response electrochemical sensor probes [3], as well as flow cell or chromatographic 
detectors [4], We found [5,6] that the limiting current resulting from redox cycling 
[7] increases as the microband width and the gap between the microbands in an 
IDA electrode are decreased, and this leads to a sensitivity of 1 p.M when an IDA 
electrode with a jum-order gap is used. However, the fabricating nf IDA electrodes 
with micro band and gap widths of less than 1 ptm is very difficult due to "trie' 
r 552L4ii9!? ^ l -°f ■ pbotolithography.' Even aj weak contact"" betweeiT"V"pai7" of 
microbands causes an electrical connection, and makes electrochemical measure- 
ment impossible. 

Several efforts were made to miniaturize the electrode. Wrighton et al. fabricated 
an array electrode composed of 8 microbands with a gap of about 50 nm by using 
conventional photolithography and the shadow deposition technique [8]. However, 
the shadow deposition process is not so reliable for IDA fabrication, because IDA 
electrodes consist of many microbands and microgaps. A narrow microband elec- 
trode consisting of a cross section of thin metal film sandwiched between two 
insulating films and its significant electrochemical behavior have been reported 
[9,10]. Narrow microband array, electrodes could be fabricated by layering metal 
and insulating films alternately, but band electrodes in this structure cannot be 
easily addressed individually. 
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Fig. 1. The new type of vertically separated IDA electrode. The upper and the lower electrodes are 
separated by a 0.5 /im thick Si0 2 layer. - — 



We have created a new electrode similar to an IDA with a narrow gap by using 
conventional photolithography and a dry-etching technique. Figure 1 shows the 
structure of the new electrode. The lower electrode is covered with an array of 
microband-structured SiO : ; therefore, the shape of the electrochemicaliy active 
electrode area is also a microband structure array. The upper electrode lies on the 
Si0 2 layer, so the whole electrode has a hollow and protruding structure. The 
adjacent microband electrodes are separated from each other vertically- by an Si0 2 
step. 

This structure has two advantages compared with ordinary planar IDA elec- 
trodes. First, the gap between microband electrodes is defined by the thickness of 
the insulation layer which can easily be thinner than a lithographically defined 
pattern. Secondly, the total electrode area is smaller because the gap between the 
upper and lower electrodes acts as a vertical wall and thus reduces the total area. 

This note presents a new type of IDA-like electrode which exhibits excellent 
electrochemical performance. 

EXPERIMENTAL 

Fabrication of the new IDA -like electrodes 

Figure 2 shows the fabrication procedure of the new IDA-like electrodes. A 
positive photoresist MP1400-27 (Shiplay) was coated on an oxidized silicon wafer 
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Fig. 2. Fabrication procedure of the new IDA-like electrodes. An oxidized silicon wafer (A) is coated 
with photoresist, exposed, developed, then Cr and Pt are deposited, and lifted off (B). The wafer is 
covered with Si0 2 (C), then the upper Pt/Cr electrode is fabricated (D). The wafer is again covered with 
Si0 2 (E), and a photoresist pattern is delineated (F). The Si0 2 is etched until the lower electrode is 
exposed (G). 

(Fig. 2A). The resist film was exposed to UV light through a photomask by using a 
PLF-521 contact mask aligner (Canon, Tokyo) and was developed in an MF-319 
resist developer (Shiplay), and rinsed in deionized water. Platinum was sputter-de- 
posited on the wafer to a thickness of about 100 run, followed by the deposition of a 
thin chromium film (5 nm) with vacuum conditions maintained throughout. The 
wafer was immersed in methylethylketone and the metalized resist pattern was lifted 
off. The platinum pattern formed on the wafer after the lift-off is the lower 
electrode of the new IDA-like electrode (Fig. 2B). Si0 2 was sputter-deposited on the 
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wafer to a thickness of 0.5 pm (Fig. 2C). Then the platinum upper electrodes were 
formed by photolithography, platinum sputter-deposition and lift-off techniques in 
the manner described above (Fig. 2D). The wafer was again covered with 0.3 fim 
thick SiO : by sputter deposition (Fig. 2E). A photoresist film was spin-coated, 
exposed and developed, and was used as an etching mask (Fig. 2F). The Si0 2 film 
was etched by DEM-451 (ANELVA, Tokyo) reactive ion etching equipment with 
tetrafluoromethane using the photoresist and upper electrode patterns as masks 
until the lower electrode and the pad were exposed (Fig. 2G). 

Chemicals and apparatus - - 

Ferrocene, acetonitrile and tetraethylammonium tetrafluoroborate were used as 
purchased. The electrochemical behavior at the new IDA-like electrodes was studied 
using a dual potentiostat DPGS-3 (Nikko Keisoku, Atsugi, Japan) and a Ag/AgCl 
reference electrode. 

In measuring the cyclic voltammogram, the potential of the cathode was held at 0 
V, and that of the anode was swept between 0 and 0.7 V. The anodic and cathodic 
currents were recorded against the anode potential. In measuring the chronoam- 
perometry, the potential of the anode was stepped up from 0 to 0.5 V, whereas that 
of the cathode was held at 0 V. 

The current-time transient curves of both electrodes were stored in a digital 
memory oscilloscope Model 4094B (Nicolet Japan, Tokyo), then recorded with a 
two-pen X-Y recorder. " 

RESULTS AND DISCUSSION 

Figure 3 shows a voltammogram for 1 mmol/dm 3 ferrocene at a new IDA-like 
electrode with an upper and lower electrode band width of 5 /xm and a step height 
of 0.5 fim compared with one for a planar IDA with a band width and gap of 5 fim. 
The new IDA-like electrode has 100 pairs of microband electrodes, and the planar 
electrode- has- 50 pairs-- Each -electrode- has the same total area consisting of both 
microband electrodes and gaps. The gap of the electrode is regarded as the thickness 
of the insulated Si0 2 layer, and was evaluated with a JSM-840 scanning electron 
microscope (JEOL, Tokyo). 

Figures 3a and c show the voltammograms in the generation-collection mode, in 
which both microband array electrodes were potentiostated, whereas Figs. 3b' and d 
show the voltammograms in the open-circuit mode, in which only one of the arrays 
was potentiostated. Steady-state currents were observed at the electrodes when the 
potential of the upper electrode (cathode) was held at 0 V and that of the lower 
electrode (anode) was cycled between 0 V and 0.7 V at a scan rate of 10 mV/s>-As 
shown in Figs. 3a and c, the limiting current at the new IDA-like electrode is about 
5 times higher than that at the planar electrode. There are two causes for this high 
current. First, the number of microbands arranged in the new IDA-like electrode is 
twice that of the planar IDA electrode with the same total electrode area. Secondly, 
the small gap of the new IDA-like electrode leads to an increase in the magnitude of 
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Fig. 3. Cyclic voltammograms of 1 mmol/dm 3 ferrocene in an acetonitrile solution containing 0.1 
mol/dm 3 tetrabutylammonium tetrafluoroborate at the new IDA-like and an ordinary planar IDA 
electrode with or without potentiostating the cathode. The microband width for both the planar and the 
new IDA-like electrodes is 5 /im, whereas the gap is 0.5 /xm for the new IDA-electrode, and 5 for the 
planar IDA electrode, (a) New IDA-like electrode (cathode: 0 V; sweep rate: 10 mV/s): (b) new 
IDA-like electrode (cathode: open; sweep rate: 5 mV/s); (c) planar IDA electrode (cathode: 0 V; sweep 
rate: 10 mV/s); (d) planar IDA electrode (cathode: open; sweep rate: 5 mV/s). 

the limiting currents due to the increase in redox cycling between the anode and the 
cathode [5]. The magnitude of the limiting current in the open circuit mode at the 
new IDA-like electrode, on the other hand, decreases compared to that in the 
generation collection mode, and it has almost the same value as that at the planar 
IDA electrode because of the shielding effect [7]. 

The number of redox cycles can be assumed from the ratio of the anodic limiting 
current in the generation-collection mode to that in the open-circuit mode. This 
number at the new IDA-like electrode is about 35, whereas that at the planar IDA is 
only 7, indicating the narrowing effect of the gap. The- narrow gap also leads to an 
increase in the collection efficiency. The collection efficiency at the new IDA-like 
electrode is almost 100% indicating that very little oxidized ferrocene diffuses into 
the solution, whereas it is 90.6% at the planar one. 

The anodic and cathodic limiting currents and collection efficiencies of ferrocene 
at the new IDA-like electrodes with different geometric parameters are summarized 
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TABLE 1 



Limiting currents and collection efficiencies of ferrocene at the new IDA-Iike electrodes with different 
geometric parameters 















'calc/^A 


C.E. </% 


10 


5 


0.5 


50 


54.5 


53.2 


53.5 


97.6 


5 


5 


0.5 


100 


110.5 


110.0 


95.2 


99.5 


3 


5 


0.5 


100 


100.5 


100.0 


S8.6 


99.5 


3 


2 


0.5 


100 


87.5 


87.5 


74.8 


100.0 



* Microband width of anode (lower electrode). 

b Microband width of cathode (upper electrode). 

c Gap width (thickness of insulator). 

d Number of pairs of microbands. 

e Collection efficiency. 



in Table 1. In each case, the lower electrode was the anode and the upper electrode 
was the cathode. The limiting current at the new IDA-like electrode varied with the 
microband width. In a previous paper, the diffusion-controlled limiting current at a 
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Fig. 4. Chronoamperometric current- time curves for potential step oxidation of 1 mmol/dm 3 ferrocene 
in a solution of 0.1 mol/dm 3 tetrabutylammonium tetrafluoroborate in acetonitrile at the new IDA-like 
electrode compared to that at the ordinary planar one. The width of the microband at the new IDA-like 
electrode and at the planar IDA electrode is 5 pm. The gaps at the new IDA-like electrode and at the 

planar IDA55 electrode are 0.5 jim and 5 ^m, respectively. ( ) Response of the new IDA-like 

electrode. ( ) IDA55; (■-•-•) the new IDA-like electrode in the open circuit mode. 
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planar IDA was expressed by [4] 

|/ lim | =mbnFDc{0.621 ln[2.55(l + w/w % )\ - 0.l9-[ w g /( w + w g )] 2 ) (1) 

where m and b are the number and the length of the microband. respectively. W is 
the band width of the IDA, W % is the gap width, and the other variables have their 
usual meaning. The calculated limiting currents when regarding the thickness as the 
•gap almost fit the experimental values, indicating that eqn. (1) can be used as a 
primary approximation. The limiting currents at the new IDA-iike electrode are. in 
fact, a little higher than the calculated values. Since the side wall of the upper 
electrode, whose thickness is about 0.05 /im, works as an electrode, the extra current 
due to the side edges increases the total limiting current. Evaluation of the upper 
electrode thickness may be necessary to measure the limiting current quantitatively. 

Dual potentiostated chronoamperometric curves resulting from potential steps at 
the new IDA-like electrode with 5 /xm microband width and 0.5 /im gap compared 
with those at the ordinary planar electrode with 5 /xm microband width and gap are 
shown in Fig. 4. The current reached the steady state within a few tens of 
milliseconds, whereas it took more than 100 ms at the planar electrode. This fast 
establishment of the steady state at the electrode is due to the high number of redox 
cycles in the narrow gap. The anodic current-time curve in the open circuit mode is 
also shown in Fig. 4. When the cathode is not potentiostated, the anodic limiting 
currenwdoes not reach the steady state due to the absence of redox cycles between, 
the electrodes. 

CONCLUSIONS 

A new type of IDA-like electrode is demonstrated. The two arrays of microband 
electrodes are separated by a thin insulating step, fabricated by conventional 
photolithography and dry-etching techniques. A step height of 0.5 /xm can be 
realized easily. The electrodes show high limiting currents because of the large 
number of redox cycles and their high collection efficiency. Fast eVtaBhshmehrbT 
the steady state, within a few tens of milliseconds, is also observed at this electrode 
due to the fast formation of a concentration gradient across the narrow gap. 
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Theory of the steady-state current of a redox couple at 
interdigitated array electrodes of which pairs are insulated 
electrically by steps 
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ABSTRACT 

The possibility of constructing an interdigitated array electrode (IDA) with a submicrometre gap is~ 
proposed in which adjacent microband electrodes are separated from each other by an insulated step. 
Then the IDA is an assembly of protrusive and hollow microband electrodes. The unit model of the IDA 
consisted of half of the lower (hollow) microband electrode, an insulated step and half of the upper 
(protrusive) microband electrode with a finite thickness on the step. The boundary value problem 
involving the two-dimensional Laplace equation is presented for redox cycling at the IDA under 
diffusion control and is solved numerically by a boundary element method. The steady-state current was 
computed as a function of the height of the step and the thickness of the upper electrode. It was larger 
than the current at the ordinary IDA, partly because the true electrode area was larger than the area of 
the ordinary IDA. The current varied linearly with the logarithm of the step height. It was expressed b> a 
simple approximate equation in order to facilitate prediction of its numerical value. 

INTRODUCTION 

A significant characteristic of an interdigitated array electrode (IDA) is acquisi- 
tion of the steady-state current by dual potentiostatic control [1-5]. The steady state 
is established by diffusional recycling of a redox couple between the microband 
anodes and microband cathodes without controlled convection of the solution. 
Similar recycling is observed at a twin electrode in a thin-layer cell. Since the IDA 
has an uncompensated resistance much smaller than that of a twin electrode in a 
thin-layer cell, it is suitable for accurately controlled potentiostatic measurements 
under the steady state. 



* Present address: Department of Applied Physics. Faculty of Engineering. Fukui University. 3-9-1 
Bunkyo, Fukui-shi 910. Japan. 
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Fig. 1. Illustration of the IDA with a submicrometre gap. The adjacent microband electrodes are 
separated by insulated steps. 



~~ In a previous paper [4], expressions for the steady-state current by recycling at an 
IDA were derived by application of the theory of complex variables, and a simple 
approximate equation was presented for an IDA with the same width as the 
microband electrodes. According to that equation, the steadv-state current varies 

" linea rly with ln(w/vv e ). where vv. is the width of the gap and w is the width of the 
unit ceTTTeTthe sum of w. and the width of the mj crflbaad plprtmrie. This variatio n 
indicates that dimin ishing w g un der a given w leads to enhancement o f the current. 
A study [6] on chronoamperometry at the IDA has demonstrated that 'the relaxation 
time toward the steady-state current has a dependence of exp(w g /H'). Consequently, 
diminishing vr makes the current response rapid. Fortunately, it is not as 
unfavourable to diminish only w g as it is to diminish both w g and w. 

One way to construct an IDA with a submicrometre gap is to separate adjacent 
microband electrodes three-dimensionally by a thin insulated layer with microband 
incisions so that there is a step between one pair of microband electrodes and the 
other, as shown in Fig. 1. Then the IDA consists of a set of protrusive electrodes 
and a set of hollow ones. The method of construction will be described in detail in 
another paper [7]. This report is devoted to evaluating numerically the steady-state 
current at the IDA by use of the boundary element method [8], 

MODEL AND BOUNDARY ELEMENT METHOD 

The electrochemical system treated here is a simple redox couple that is soluble 
in supporting electrolytes. All the symbols used below are defined at the end of this 
paper. The following five assumptions are made: (1) a large value of m (> ca. 20); 
(2) a common width of each microband electrode; (3) sufficiently long microband 
electrodes, i.e. b » w c ; (4) diffusion coefficient common to. the redox couple; and 
(5) diffusion-controlled mass transport. Assumptions (1) and (3) serve to reduce the 
IDA to a two-dimensional unit model, as shown in Fig. 2. The model unit involves 
half of the microband anode, half of the microband cathode and an insulated step. 
Then the behaviour at the whole IDA is an assembly of the behaviour at 2 X m unit 
cells. The upper layer of the actual electrode is at least 50 nm thick in order to keep 
the metallic property. Since the. thickness cannot be neglected compared with w g , a 
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Fig. 2. A model of the unit cell, where C a = OA, C c = BCD and C w AB and DEFO. 



finite thickness has been introduced intp the model Because of the common value 
of the diffusion coefficient, the sum of the concentrations of the redox couple is 
equal to c* at any point in the diffusion space. 

When the potentials at the anode and cathode are set to sufficiently positive and 
negative values, respectively, the boundary value problem for the reduced species 
under the steady, state in the unit cell is expressed by 

£(3V3* 2 + 3 2 c/3v 2 ) = 0 (1) 

(onQ):c = 0 (2) 



0**x^w c /2 y = 0 
X = w e /2 w g ^ y ^ w g + l 
w e /2 < x ^ w c y = w g + / 

x = 0 y > 0 
x = w c /2 0<y<w.\ 

x = w e y > w g + t 



(on C c ) : c = c* 



(onCj: 9c/3.x = 0 



(3) 



(4) 



The boundary value problem was solved numerically by the boundary element 
method [8]. Since nodal values in this method are defined only on given boundaries 
rather than in an enclosed domain, computer memory can be saved in comparison 
with the finite element method. Thus discretization on the boundary can be made 
fine without prolongation of the computation time. 

Multiplying eqn. (1) by ln(/-)< integrating it over the solution phase and applying 
Green's theorem [9] to the resulting equation yields 



f K ds + f K ds + f K d5 = 77c onC w , C a , C c 

C\ C a Q. 



(5) 



where 



K=c{d \n(r)/dp) - (3c/3r) ln(r) 



(6) 



3R 



Inserting eqns. (2). (3) and (4) into eqn. (5) and transferring the terms with known 
values to the right-hand side leads to 

f c{3 ln(r)/3») ds - £ + < _(8c/8») ln(r) dj - »c = -c*£ {8 ln(r)/3r) dj 

on C w ,C a ,C c (7) 
The boundary' was discretized into N elements, which were numbered 1 to L on C a , 
L + 1 to L' on C c and L' + 1 to N on C w . It was assumed that c and 3c/3f were 
invariant on each discretized element and that the value of c or 3c/3f at the 
mid-point of two adjacent nodes was represented by the arithmetic average of the 
two nodal values. When r is located at the mid-point of the i-th element, eqn. (7) 
becomes 

L c k U Lk - L(3c/3,),^.= -c* £ U Lk (/-1.2..--. N) (8) 
where 

£/,* - f {3 ln(r,,,)/3^ ds-«8 u 

Jit- - -_-.■...•!- 



(9) 
(10) 



K.a = f »n(r,.J d5 

The terms c, for k = L' + 1 to .V and (80/81-)* for fc - 1 to L' in eqn. (8) are 
unknown while the terms on the right-hand side are known. Thus eqn. (8) is a 
simultaneous equation for c k and (3c/3f ) k . 

The integrals in eqns. (9) and (10) were evaluated by a conventional method as 
described in a textbook of the boundary element method [8]. The simultaneous 
equation was solved" by the Gauss=J6urdan elimination method. The computer was 
a Vax-1 1/780 (DEC). The computer program was written in FORTRAN-77. When 
the height (OF in Fig. 2) of the diffusion space was taken to be over 5w e , the 
current value did not vary with the height within 0.5% error. All computations were 
made at 5w e for the height. Each of the two sides (OA, CD) and the top side (EF) 
on the boundary were divided into 30 elements of the same length. The sides AB 
and BC were divided into 20 and 10 elements, respectively. The other vertical 
boundaries were divided into 30 elements whose lengths were proportional to y on 
OF and to (y - >v g - t) 2 on DE. Under this discretization, the total current at the 
IDA is expressed by 

L 

I = 2mbnF[ D(dc/dy) ,-o dx = -mbnFD{wJL) £ (Bc/a*).* ( u ) 
J c, j-\ 

The factor 2 in the middle term comes from the involvement of half of the anode in 
the unit cell. The number of total elements was 180 and hence the matrix size was 
180 X 180. The matrix was featureless, i.e. not symmetric or having no band form. 
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Fig. 3. Dependence of the dimensionless current on log(H g /w tf ) for i/w e = (A) 0.0. (B) 0.01, (C) 0.05 
and (D) 0.1. The dashed curve denotes the current at the ordinary IDA, expressed by eqn. (12). 

The computation time was ca. 20 s per geometry. In order to confirm the validity of 
the program, the values of the currents for the ordinary IDA were computed; they 
agreed with analytical values [4] within 0.8% error. 

RESULTS AND DISCUSSION 

Figure 3 shows variations of I/mbnFc*D against \og(w^/w c ) for various values 
of t/w. All the currents are larger than the current at the ordinary IDA (dashed line 
in Fig. 3). which has been expressed approximately by 

f = mbnFc*D[o.62>6 ln{2.55(l -r w e /V 2 )) -0.19(1 -f w c /wj~ 2 ] (12) 

The gain of the current is ascribed partly to the increase in the electrode area of the 
IDA with steps, ((w c + r)6), which is larger 1 than the area of the ordinary IDA 
((w e - w g )i). The former area is larger than the projected area (vv* e 6) by tb because 
of the three-dimensional structure. The gain of the current is remarkable with an 
increase in t/w t . 

Of interest is the significant variation of the current with t/w e when t/w c and 
U ' g / H 'c are small. This variation is due to the contribution of the electrolysis on the 
BC side which provides a much larger current density than that on the side CD. For 
example, the ratios of the average current density on the side BC to that on the side 
CD are 13.0, 4.5 and 1.3, respectively, for t/w c = 0.001, 0.01 and 0.1 at w^/u^ = 0.1. 
Since the BC side contributes appreciably to the total current; it is necessary to 
measure accurately the thickness of the electrode for the purpose of quantitative 
analysis. 

For H- g /w e <0.5. the current varies linearly with log( vv g /w e ). The linearity is 
slightly better than that at the ordinary IDA. The differences between the slopes at 
non-zero values of t/w c and the slope (-1.55) at r/w e = 0 were plotted against 
t/w t in a logarithm-logarithmic scale. The plot fell on a straight line with a slope of 
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0.45. Then the slopes in Fig. 3 can be expressed by - 1.55 - 2.27(//w e ) a45 . All the 
straight lines in Fig. 3 go through a common point (-0.24, 1.15). From these 
arithmetic features of the curves, the current is expressed approximately by 

/ = mbnFCD[\.l3 - {l.55 + 2.27(r/w e ) 045 } (0.24 + log( w g /w c )}] (13) 

This equatioin is valid for w z /w c < 0.5 and t/w t < 0.1 within 3% error. Since 
practically constructed IDAs have dimensions 0.05 < t < 0.07 jam, 0.5 ^ w g ^ 1.0 fim 
and 1 ^ w e < 10 /im. most of them can be covered by eqn. (13). 

The functional form of eqn. (13) looks rather different from that of eqn. (12). By 
considering that w c + w % at the ordinary IDA is equivalent to w e (or w) at the IDA 
with steps, eqn. (12) is reduced to 

/' = mbnFc*D[Q.S95 - 1.46 log( w g /w e ) } (14) 

where the term involving 0.19 in eqn. (12) has been neglected because of the minor 
contribution. On the other hand, the limiting form for t -> 0 in eqn. (13) is given by 

/ = mbnFc*D (0.758 - 1.55 logfw^w.)} (15) 

Therefore both functional forms are the same. From a comparison of eqns. (14) and 
(15), the current at the IDA with very thin electrode thickness is approximately 25% 
larger than that of the ordinary IDA. 

I I In conclusion, the characteristics of an IDA with steps are as follows: 
/(A) presentation of a current larger than that at an ordinary IDA; 
/(B) a current that is sensitive to the thickness of the upper electrode; 

(C) it possesses an electrode area larger than the projected area; and 

(D) it shows a linear variation of the current with log(w g /w c ), as expressed by eqn. 
(13). 



LIST OF SYMBOLS 



b length of microband electrodes of the IDA 

c concentration of the reduced species 

c* sum of the concentrations of the reduced and the oxidized species 

C 3 boundary between the anode and solution in the unit cell 

C c boundary between the cathode and solution in the unit cell 

C w boundary between the walls and solution in the unit cell 

D diffusion coefficient common to the reduced and the oxidized species 

F Faraday constant 

/ total current at the IDA under the steady state 

/' total current at the ordinary IDA under the steady state 

L number of divisions on the anode 

l! - L number of divisions on the cathode 

m number of microband anodes or microband cathodes in the IDA 

n number of electrons transferred 



jies 



41 



. Al! the 
•m these 



(13) 

ir. Since 
•S 1.0 jum 

(12). By 
the IDA 



(14) 

he minor 
given by 

(15) 

(14) and 
itely 25% 
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number of elements on the boundary 

distance between a given point and any point on the boundary 
distance between the centre of the /-th element and that of the Ar-th one 
length on the boundary 
thickness of the upper electrode 
width of the unit cell, equal to 



w c at the IDA with steps and equal to 



w c + w g at the ordinary IDA 

width of the anode or cathode 

width of the gap 

axis on the unit cell 

axis on the unit cell 

unity at / - /c, zero at / # k 

length of the vector directing out from the diffusioin space 
integration over the /c-th element 
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